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Abstract: Lithium metal is one of the most attractive anode materials for rechargeable batteries.
However, its high reactivity with electrolytes, huge volume change, and dendrite growth upon
charge or discharge lead to a low CE and the cycle instability of batteries. Due to the low surface
diffusion resistance, LiF is conducive to guiding Li* deposition rapidly and is an ideal component
for the surface coating of lithium metal. In the current study, a fluorinated layer was prepared
on a lithium metal anode surface by means of chemical vapor deposition (CVD). In the carbonate-
based electrolyte, smooth Li deposits were observed for these LiF-coated lithium anodes after
cycling, providing excellent electrochemical stability for the lithium metal anode in the liquid organic
electrolyte. The CE of Li | Cu batteries increases from 83% for pristine Li to 92% for LiF-coated ones.
Moreover, LiF-Li | LFP exhibits a decent rate and cycling performance. After 120 cycles, the capacity
retention of 99% at 1C is obtained, and the specific capacity is maintained above 149 mAh/g. Our
investigation provides a simple and low-cost method to improve the performance of rechargeable
Li-metal batteries.

Keywords: lithium metal anode; interface; chemical vapor deposition; lithium fluoride

1. Introduction

Lithium metal has a high theoretical specific capacity (3860 mAh/g), a small weight
density (0.534 g/cm?), and a low electrochemical potential (—3.040 V vs. a standard
hydrogen electrode), making it a highly promising anode candidate for next-generation
rechargeable batteries [1,2]. However, a number of obstacles must be overcome before its
commercial applications. These include (1) the rapid and irreversible reaction between
lithium metal and liquid-state electrolytes; (2) its uncontrolled lithium dendrite growth; (3)
the huge volume of deformation of the lithium metal anode (LMA) during the charging
and discharging process [3,4].

Due to the high reactivity of lithium, a rapid reaction occurs when it is in direct contact
with liquid-state electrolytes, producing a thick and uneven solid electrolyte interface layer
(SEI) on the surface of the lithium [5]. The uneven SEI can lead to the preferential formation
of nucleation points, thereby propagating lithium dendrites. In the worst scenario, the
sharp lithium dendrites will break the SEI [6], puncture the separator, cause a short circuit,
and finally lead to a thermal runaway. The volume deformation of LMA will further lead
to the rupture of the SEI and expose the new surface of lithium, degrading the battery
performance in a vicious cycle [7-9]. Therefore, to solve the above problems, a number of
research strategies have been developed, such as a surface coating on the lithium [10-14],
developing new additives and solvents for electrolytes [15-17], and designing a composite
separator with a coating layer [18-21]. Among these remedies, the preparation of an
artificial interface layer on the surface of the lithium is the one of the most effective
methods [22-25].
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The joint density functional theoretical (JDFT) analysis showed that an SEI layer of
lithium halide (e.g., LiF, LiCl, LiBr, and Lil) has a better stability and a faster diffusion
rate (the surface diffusion barrier of adsorbed atoms is 0.03~0.15 eV) than the regular SEI
components (e.g., LiOH, Li;O, and Li;CO3) [26]. LiF has a wide stability electrochemical
window, a negligible solubility in most organic electrolytes, and the ability to adjust the
surface tension. Furthermore, it has a high chemical stability with lithium and organic
electrolyte materials [27-29]. Due to the low surface diffusion resistance, LiF is conducive
to guiding Li* deposition rapidly and is an ideal component for the surface coating of
lithium [30,31]. As an effective interface layer, LiF has been confirmed to play an important
role in achieving high-performance LMA [32-34]. The artificial LiF layer can be prepared by
various methods. For example, lithium can directly react with a solution containing fluorine
sources such as NH;HF, to form a LiF surface coating [35,36]. Gaseous reactions such as
the thermal decomposition of fluoropolymer CYTOP [37] and nonhazardous gaseous Freon
R134a [27] and an atomic layer deposition (ALD) using TiF4 [38] or HE/pyridine [39], etc.,
are also frequently used to prepare LiF layers. In addition, other methods exist, such as
thermal evaporation [40] or magnetron sputtering [41]. These LiF coatings smoothen Li
deposits after cycling and provide an excellent electrochemical stability for the lithium
metal anode in the liquid organic electrolytes. Most of the current methods to prepare
LiF coatings are carried out in liquid and solid phases, which have the disadvantages of
an uneven interface contact and the production of other by-products. In some cases, the
required precursors are complex, and the reaction conditions are demanding, which is not
conducive to scaling up for practical application.

In this investigation, we propose to fabricate LiF-coated Li Metal with a uniform
surface and good Li+ diffusivity and chemical stability to restrain dendrite growth. The LiF
layer was pre-fabricated on the surface of the lithium metal by chemical vapor deposition
(CVD), where PVDF is pyrolyzed into HF and -[CH=CF]n- at a high temperature, and the
released HF reacts with lithium to form LiF on the surface LMA at a low temperature. This
simple method provides a feasible way to fabricate a uniform LiF coating on the surface of
the LMA to homogenize the lithium nucleation [42] and inhibit the formation of lithium
dendrites during charging and discharging. In comparison with the pristine LMA, the
LiF-coated LMA presents a better rate capability and a higher cycling stability when it is
paired with LFP electrodes.

2. Materials and Methods
2.1. Fabrication of LiF-Coated Li Metal

First, dry PVDF powder was loaded in an alumina crucible, which was transferred into
the middle of the alumina tube and located in the center of the tubular furnace heating zone
(MTI OTD-1200X)). Second, the tube was purged by argon, and the lithium chips were put
into an alumina crucible in the glove box and quickly transferred into the alumina tube in a
horizontal position and located 30 cm downstream from the PVDF powder. Afterwards, the
argon flow rate was set at 50 mL/min, and the PVDF was heated to the target temperature
of 400 °C at the ramp rate of 5 °C/min. After the reaction was carried out at 400 °C for
30 min, the tubular furnace was naturally cooled down to room temperature. Finally, the
LiF-coated Li Metal was obtained. This was sealed and transferred into the glove box for
electrochemical evaluation and characterization.

2.2. Material Characterizations

The thermal decomposition behavior of the PVDF was investigated by thermogravi-
metric analysis (TGA) and derivative thermogravimetry (DTG) on the thermal gravimetric
analyzer (TA). The decomposition products of PVDF after heating were analyzed by Fourier
transform infrared spectroscopy (FTIR) (Thermofisher, Waltham, MA, USA). The surface
morphologies of the lithium chips were analyzed by a scanning electron microscopy (SEM)
(ZEISS, Oberkochen, Germany), and elemental mapping was conducted on an energy-
dispersive X-ray (EDX) spectrometer (Oxford Instruments, Abingdon, UK). An X-ray
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photoelectron spectroscopy (Bruker, Bremen, Germany) was used to identify the elemental
chemical state and composition of the samples.

2.3. Electrochemical Evaluations

CR2032-type coin cells assembled in an argon-filled glove box were employed to
evaluate the electrochemical performance of the tested cells. The battery types included
the lithium copper half-cell (Li| Cu), the symmetrical cell (Li|Li), and the LFP half-cell
(Li I LFP). Because copper foil cannot be coated by a LiF layer by means of the same
method as that for lithium chips, single-sided laminated lithium (50 um) copper foil (Li-
Cu) was adopted in thisprocedure. Before testing, all the lithium on the Li-Cu electrode
was stripped to the counter lithium anode in the LilLi-Cu. For the Lil|LFP, the LFP
cathode was composed of LFP, Super-P, and PVDF as the active material, conductor, and
binder, respectively. These were mixed according to the mass ratio of 8:1:1 and dispersed
uniformly in N-methylpyrrolidone (NMP), employing a Thinky mixer to form a slurry.
Afterwards, the evenly mixed slurry was coated on the aluminum foil by means of the
classical doctor-bladed method. After the slurry was dried at 80 °C, a circular electrode disc
with a diameter of 12 mm was punched. The mass loading of LFP in the whole electrode
was about 4 mg/cm?. The electrolyte was 1 M LiPFg4 dissolved in ethylene carbonate
(EC)/diethyl carbonate (DEC) (1:1 volume ratio). To standardize the testing, 50 uL of
electrolyte was utilized in each coin cell. Celgard 2400 was employed as the separator. All
electrochemical tests were performed on the NEWARE battery tester system at 25 °C.

3. Results and Discussion
3.1. Fabrication and Characterizationof LiF-Coated Li

As shown in Figure 1a, PVDF powder was heated to the decomposition temperature
under an atmosphere of argon. The released HF in the product was carried by the argon
and reacted with lithium to form a LiF coating on the surface of the lithium chips. Figure 1b
shows the TGA and DTG curves of PVDFE. As can be seen from the figure, the weight loss
accelerated gradually from around 320 °C and reached its peak at ~450 °C. This can be
ascribed to the pyrolysis of the polymeric backbone -CH,-CF;- into -CH=CF- and HF at a
high temperature [43—-45]. To obtain a uniform surface, the decomposition reaction of PVDF
needs to occur slowly. Therefore, the experimental temperature was selected as 400 °C
according to the TGA-DTG curve. Figure 1c shows the FTIR spectra of PVDF powder before
and after heating. The peaks at 1404 cm ! and 1199 cm ™! correspond to the characteristic
peaks of the C-F bonds and C-H bonds of PVDF, respectively. Compared to the original
PVDF, the -CH=CH- characteristic peak appeared at 1612 cm~! after 400 °C heat treatment,
verifying the decomposition of PVDE. This is in line with our expectation that PVDF can
decompose to HF and -[CH=CF]n- after thermal treatment at 400 °C.

Figure 2a shows a pristine lithium chip with a smooth and metallic surface. Figure 2b
presents the photo of a lithium plate after LiF coating. The surface is even and flat, and
the surface color becomes dark gray. (All photos were taken in the glove box.) To better
observe the structure, the top-view SEM images of the lithium surface before and after LiF
coating are shown in Figure 2c,d. Note that the surface layer of the generated prefabricated
layer is flat and compact. Figure 2e shows the cross-sectional SEM image of the lithium.
The LiF layer and Li are closely bound, and no gap is observed. The thickness of the LiF
layer is about 10 um. Figure 2f shows the EDS spectrum of the surface of the LiF-coated
LMA. Two characteristic peaks appear in the spectrum, which are identified as C and F,
respectively. The ratio of F to C is quantified as 4:1. Therefore, it can be inferred that the
F-Li may be composed of inorganic LiF along with a small amount of carbon-containing
organic species. The XRD pattern of LiF-coated Li is provided in Figure S1. The peaks at
38.8°,45.1°, 65.6°, and 78.9° were indexed to (111), (200), (220) and (311) planes of the LiF
phase (JCPDS card no. 72-1538).
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Figure 1. (a) Schematic illustration of a one-pot process to prefabricate a LiF-coating on the surface of
lithium chips by CVD. (b) TGA and DTG curves of PVDF at a heating rate of 10 °C min—! under Ar.
(c) FTIR spectra of pristine PVDF and PVDF residue heated at 400 °C for 30 min under Ar.
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Figure 2. Digital images of (a) pristine lithium and (b) LiF-coated lithium. Top view: SEM images of
(c) pristine lithium and (d) LiF-coated lithium. (e) Cross-sectional SEM image of fluorinated lithium.
(f) EDS spectra of LiF-coated lithium.

To further confirm the composition of the LiF coating, an XPS characterization was
performed. Figure 3a shows the Li 1’s spectra XPS curve of the pristine lithium chip. The
peak at 54.6 eV represents the metallic lithium bond in the Li 1’s XPS spectra curve of
the pristine lithium chip. In addition, carbonate, hydroxide, and oxideare present and
may come from the intrinsic Li surface or the XPS chamber. Figure 3b—d show the XPS
curves of spectra Li 1s, C 1s and F1s on the surface of the LiF-coating, respectively. In
Figure 3b, the peak position at 55.7 eV is attributed to the Li-F bond. In Figure 3c, the fitted
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C1 peaks are deconvoluted into three peaks at 286.1 eV, 285 eV and 283.9 eV, corresponding
to C-F, C-H and C=C bonds, respectively. In Figure 3d, the peaks at 688.15 eV and 685 eV
can be ascribed to C-F and Li-F bonds, respectively. These results further confirm the
decomposition of PVDF after 400 °C, when it reacts with lithium to form a protective layer
on its surface. The coating layer contains the dominant inorganic LiF phase along with a
small amount of organic species -[CH=CF]-n.
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Figure 3. XPS spectra of Li 1s for (a) pristine lithium and (b) LiF-coated lithium. XPS spectra of
(c) C1s and (d) F 1s for LiF-coated lithium.

3.2. Effect of LiFCoating on Electrochemical Performance

Using the Li-Cu half-cell is a common method to evaluate the coulomb efficiency of
LMA. The LiF layer was formed on the surface of single-sided laminated lithium (50 um)
copper foil (Li-Cu) treated with PVDF at 400 °C (LiF-Li-Cu). First, all the Li of the LiF-Li-
Cu was stripped to the counter lithium electrode and turned into a Li | LiF-Cu configura-
tion. For comparison, a pristine Cu disc was paired with a Li counter electrode to assem-
ble into a Li | Cu cell. The coulomb efficiency was tested by charging and discharging at
the current density of 2 mAh cm~2. As shown in Figure 4a, Li| Cu shows an inferior sta-
bility and lowers the coulomb efficiency (CE) in the carbon electrolyte. After the charge
and discharge of 22 cycles, the CE curve began to destabilize and decreased to 86% after
30 cycles. In contrast, the Li | LiF-Cu exhibits a more stable cycling performance. It can
cycle beyond 30 cycles with a higher CE of 92%. This may be due to the advantages of the
low surface diffusion resistance of the LiF coating layer, which is conducive in guiding
the rapid deposition of Li* and ensuring the optimization of the Li plating process. The
current density of 3 mA/cm? was used to remove all the Li from the LiF-Cu electrode,
and then the lithium plating was conducted for 1 h. The LiF coating layer becomes
cracked, as shown in Figure S2. Two kinds of structures are revealed: the upper layer
is the LiF layer, and the lower layer is the plated lithium. In other words, the plated
lithium preferentially grows under the LiF layer, near the side of Cu [35].
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Figure 4. (a) Coulombic efficiency of Li| Cu and Li | LiF-Cu cells. (b) Voltage profiles obtained from
galvanostatic cycling of symmetrical cells using pristine Li electrodes and LiF-Li electrodes at a
current density of 0.5 mA cm~2 for a total capacity of 2 mA h cm~2. Zoomed-in view of the voltage
profiles of Li | Li and LiF-Li | LiF-Li at the (c) 2nd cycle and at the (d) 7th cycle. (e) Rate performance:
(f) the long cycling performance at 1 C of Li| LFP and LiF-Li| LFP cells.

To further investigate the effect of LiF coating on electrochemical performance, a
symmetrical lithium battery was also utilized. Figure 4b shows the cycle performance of
the symmetrical batteries Li| Li and LiF-Li| LiF-Li with a pristine lithium chip and LiF-
coated chips as electrodes, using the voltage response over time to monitor changes in
battery stability. Figure 4c shows the voltage profile of the second cycle. Compared with
the Li| Li, the LiF-Li | LiF-Li cell exhibits a smoother voltage curve. Significantly, the voltage
profile becomes even bumpier with increasing cycles. As demonstrated by the voltage
profile for the seventh cycle in Figure 4d, the Li| Li cell exhibits a higher overpotential than
the LiF-Li | LiF-Li cell. This increase in overpotential may be caused by the continuous
accumulation and decomposition of SEI at the electrolyte/electrode interface [36]. Once
the lithium dendrites form, the initial SEI is pricked and quickly reacts with the electrolyte
to form a new SEI, a process that can last for hundreds of hours, continuing to consume
the electrolyte and form a thicker SEI. The LiF-coating layer on the surface of lithium
metal not only has a high Li+ transmission capacity, but also can avoid the rapid chemical
side- reaction due to the direct contact between the lithium and the electrolyte. This
layer of artificial, prefabricated SEI can promote the uniform deposition of lithium and
reduce the formation of lithium dendrites during charging and discharging. Therefore, the
LiF-Li | LiF-Li cell has a lower overpotential and better cycle stability [35].

To explore the potential application, the LiF-coated LMA was paired with an LFP
cathode to improve the energy density of a graphite/LFP battery. In Figure S3a,b, a group
of redox peaks is visible at positions 3.3 V and 3.6 V. Notably, all the anodic and cathodic
peaks in the LiF-Li| LFP cell CV curves are highly congruent in the subsequent cycles. This
observation confirms the good reversibility of the tested LiF-Li|LFP cell. In Figure S4,
electrochemical impedance spectra (EIS) measurements with symmetrical batteries were
performed to evaluate the interfacial resistance of the lithium anode. The semicircle in the
high-frequency region reflects the interfacial charge transfer process (Rct). The Rct formed
by LiF-Li| LiF-Li after the first cycle is 64.56 (), less than the Rct (77.62 Q) of Li| Li, possibly
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because the LiF layer plays positive roles in protecting the lithium anode interface during
the stripping/plating process [46—48].

Figure 4e shows the rate-performance testing at different rates ranging from 1 C to 20 C
(1C =170 mAh/g). The LiF-Li| LEP cells deliver the specific capacity, which is 148 mA h/g,
138mAh/g,130mAh/g,117mAh/g,100mAh/gand 81mAh/gat1C,2C,3C,5C,10C
and 20 C, respectively. When the rate returns to 1 C, the specific capacity can be restored to
147 mA h/g. Compared with Li| LFP cells, LiF-Li| LFP cells have a higher specific capacity
and better stability under different rates. Such advantages become more apparent with the
increase of the testing rate. These results indicate that the prefabricated LiF layer on the
surface of lithium can effectively stabilize the interface between the electrolytes and lithium
and improve the cycle reversibility and rate performance of lithium metal batteries [49]. As
shown in Figure 4f, the long-cycle performance of Li| LFP and LiF-Li | LFP cells was further
evaluated at 1 C. Consistent with the results of rate performance, LF-Li | LFP cells exhibit a
higher specific capacity than Li| LFP cells. The capacities of Li| LFP and F-Li| LFP decrease
to 136 mA h/g and 149 mA h/g after 120 cycles, which correspond to capacity retention
rates of 96% and 99%, respectively. The CE of LiF-Li| LFP cells is also slightly higher than
that of Li| LFP cells. All these results further prove that an LiF-coating can effectively
maintain the electrochemical reversibility and the cycle stability of lithium metal batteries.

A postmortem analysis was further employed to investigate the morphology and
SEI composition of lithium electrodes after cycles. Figure 5 shows the surface and cross-
section SEM images of lithium electrodes of Li| LFP and LiF-Li| LFP at 1 C after 100 cycles.
The surface of the lithium electrode from a Li| LFP cell (Figure 5a) is highly porous with
a dendritic microstructure along with particles. In contrast, the lithium surface of the
F-Li | LFP cell (Figure 5b) exhibits a smooth fish-scale structure, demonstrating that the
growth of dendrites is suppressed by the LiF coating. Such results further confirm that the
high Li+ lateral mobility on the surface of the LiF coating can favor the uniform lithium
deposition and stripping and effectively suppress the dendrite formation during the cell
charge/discharge process [35]. The cracks among the scales may be caused by the stress
during the charge/discharge process. As shown by the cross-sectional SEM image of the
lithium electrode from a Li | LFP cell in Figure 5c, the cycled penetration thickness reaches
up to 134 pm, which is much thicker than that of the LiF-coated lithium electrode (~92 pm
depth), as shown by the LiF-Li | LEP cell in Figure 5d.

As shown in Figure 6a, the C1’s spectrum of the lithium metal from the Li | LFP cell after
100 cycles is deconvoluted into four peaks at 284.6, 286.3, 288.3 and 290.5eV corresponding
to C-C/C-H, C-O, O=C-O and CO3?", respectively [34]. These peaks are consistent with
the reactions of the products of decomposition of carbonate-based electrolytes [50]. The
characteristic peak of C-F appears in the C1S spectrum of a LiF-coated Li surface (Figure 6e).
The F1’s XPS spectra are shown in Figure 6b,f. The peaks at 685 and 688 eV are ascribed to
the LiF and LiPFg, respectively. More LiF was observed for the LiF-coated lithium electrode
than for the LIF-Li| LFP cell. The ratio of LiF to Li PF4(Spip/1ipre) is estimated by their
integral area. The Sy /1 ippe is improved from 2.09 for the uncoated sample to 2.25 for the
LiF-coated sample, indicating that the composition of the coating is maintained during
charge/discharge cycles. Figure 6¢,g show P 2p spectra, where LiPFg and phosphates are
detected. Compared with the uncoated lithium surface, the ratio of phosphate /LiPFs on
the F-Li surface is lower. C-O, O=C-O and CO32~ shown in the O1’s spectrum in Figure 6d
are consistent with those shown in C1’s orbital spectra [51]. Figure 6h shows that the LiF-Li
surface has fewer by-products. In Figure S5 and Table S1, the content of the F element was
higher on the lithium metal anode surface after 100 cycles at 1 C from the LiF-Li | LFP cell.
This indicates that a LiF coating can effectively guide the nucleation and growth of lithium,
inhibit the formation of dead lithium, and reduce the occurrence of side reactions, thus
improving the electrochemical performance of the battery [52].
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Figure 5. SEM images of (a) the surface and (b) cross-section of a lithium electrode from Li | LFP cells
after 100 cycles at 1 C. SEM images of (c) the surface and (d) cross-section of a LiF-coated lithium
electrode from LiF-Li | LFP cells after 100 cycles at 1 C.
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Figure 6. (a—d) XPS spectra of a pristine lithium anode after 100 cycles at 1 C from a Li| LFP cell.
(e—h) XPS spectra of a lithium anode after 100 cycles at 1C from a LiF-Li | LFP cell.
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4. Conclusions

In summary, we have developed a simple CVD method for the prefabrication of a
fluorinated interface on the surface of lithium metal. The HF produced by the decomposi-
tion of the PVDF reacts with the surface of lithium to form a uniform and stable LiF layer.
This not only reduces the side reaction between lithium metal and the electrolyte but also
effectively inhibits the growth of lithium dendrites. Therefore, as compared with a pristine
lithium metal anode, this artificially prefabricated SEI can enhance the cycle stability of
lithium metal batteries and their CE and capacity retention. rate. These results indicate
that the prefabricated fluorinated interface has great potential in the application of lithium
metal batteries.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/batteries9050283 /s1: Figure S1: The XRD pattern of LiF-coated
Li metal; Figure S2: The (a)SEM image and (b-e) EDS mapping images of LiF-Cu electrode; Figure S3:
The CV curves of (a) Li | LFP cells, (b) LiF-Li | LFP cells during the first six charge-discharge cycles;
Figure S4: Electrochemical impedance spectra (EIS) of Li | Li cells after the 1st cycle; Figure S5: The
XPS survey spectra of lithium metal anode surface after 100 cycles at 1C from (a) Li | LFP cell and
(b) LiF-Li | LFP cell; Table S1: Table S1. Atomic percent of lithium metal anode surface after
100 cycles at 1C from Li | LFP cell and LiF-Li | LFP cell.
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