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 26 
Abstract 27 

LiF is widely recognized as a crucial component of a solid-electrolyte interphase (SEI) for Li 28 
metal anodes. However, the roles of LiF in the SEI remain elusive. Herein, we examined the 29 
evolution of SEI influenced by LiF and identified distinct features that elucidate functional 30 
characteristics of LiF for Li metal anodes. Through comprehensive empirical and theoretical 31 
analysis, we found that LiF enriches Li2O within the SEI, forms LiF/Li2O interfaces, exhibits 32 
non-negligible solubility with spontaneous dissolution-reprecipitation behavior in the 33 
electrolyte, and works synergistically with Li2O. These findings shed light on the effects of 34 
LiF on Li metal anodes and the arrangement characteristic of LiF within the SEI. By 35 
integrating key discoveries regarding LiF, a projected working mechanism for LiF is 36 
illustrated. Overall, our study on LiF provides valuable insights that advance the 37 
understanding of the SEI and interphase nanostructures, contributing to the development of 38 
more reliable and practical Li metal batteries. 39 
 40 
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Lithium fluoride (LiF) is widely perceived as a beneficial inorganic solid-electrolyte interphase 43 
(SEI) component for lithium metal (Li0) anodes1–4. Yet, its precise role in SEIs remains equivocal 44 
due to uncertainties regarding its physicochemical properties5–7, spatial distribution4,8, and 45 
generalized performance benefits3,9. Despite these ambiguities, LiF continues to be a key 46 
descriptor for SEIs and electrolyte design for high-performance Li0 batteries3,4. As such, 47 
elucidating the effects of LiF on Li0 anodes is crucial for devising strategies to precisely tailor SEI 48 
nanostructures and chemistries for developing efficient and reversible Li0 batteries1. 49 
 50 
Although the high bulk modulus10,11, interfacial energy12, redox stability13, and low electrical 51 
conductivity14 of LiF within SEIs are known to be advantageous for suppressing metal dendrite 52 
ramification4, the poor lithium-ion (Li+) conductivity of LiF14 (ranging from 10-13  to 10-14 S cm-53 
1)4 complicates direct correlations between LiF content and the performance of Li0 anodes5–7,15,16, 54 
prompting further investigation into the major roles of LiF in SEIs1,4,9. Moreover, the spatial 55 
distribution of LiF within the compact-SEI, a passivation layer directly interfacing Li0, remains 56 
debatable. Traditionally, LiF has been identified using X-ray photoelectron spectroscopy (XPS)4. 57 
While XPS provides high resolution in the out-of-plane direction, its limited in-plane spatial 58 
resolution when characterizing heterogeneous and rough interphases on Li0 anodes has led to 59 
inaccuracies in determining the spatial arrangement of LiF within SEIs4,8,9. To address this 60 
challenge, cryogenic transmission electron microscopy (cryo-TEM) has been employed to directly 61 
observe SEI nanostructures on Li0 anodes8,17. Although depth-profiling XPS analysis indicated the 62 
presence of LiF in the inner regions of the compact-SEI4,8,9, cryo-TEM revealed a notable absence 63 
of LiF within the compact-SEI8,18–25. Despite LiF being seldom found, when observed, it 64 
frequently coexists with and interfaces alongside Li2O within the compact-SEI16,26–30. Given the 65 
non-dominant presence of LiF in the compact-SEI, the extent to which Li0 anodes directly benefit 66 
from the passivating properties of LiF alone has come into question8,9. Additionally, LiF is often 67 
found as part of the indirect-SEI8,19,22–24, an extended form of SEI sporadically distributed as 68 
particulates at the compact-SEI/electrolyte interface, passivated by Li2O8,19,21,25. The rationales 69 
behind its indirect-SEI arrangement, surface passivation with Li2O, and functional characteristics 70 
have remained puzzling.  71 
 72 
The initial drive behind developing fluorinated electrolytes was centered on forming LiF-rich SEIs 73 
on Li0 anodes3. As the body of research on fluorinated electrolytes for Li0 batteries has expanded 74 
significantly since then31–34, fluorinated electrolytes have been recognized for creating a weakly 75 
solvating environment for Li+, facilitating the reduction of anions, and suppressing solvent 76 
oxidation3,34. These specific features of fluorinated electrolytes induce inorganic-rich SEIs35–37, 77 
anion-derived (fluorinated) interphase compounds3, and high Coulombic efficiency (CE)38 for Li0 78 
anodes, which have become direct indicators for enabling high-performance Li0 batteries. 79 
However, the sporadic presence of LiF within SEIs8,18–22,26,29,30 has prompted a reassessment of 80 
the roles LiF plays in SEIs. Although the initial endeavor to augment LiF content in SEIs spurred 81 
the development of highly successful fluorinated electrolytes3,34, it also exposed a significant gap 82 
in our understanding of LiF in intricate/dynamic SEIs on Li0 anodes4,9. 83 
 84 
Herein, a classic organic carbonate electrolyte and its altered version containing LiF suspension 85 
(Figure S1) were employed to investigate the impact of LiF on the SEI evolution of Li0 anodes. 86 
The reference electrolyte (RE) of 1 M LiPF6 in ethylene carbonate (EC):diethyl carbonate (DEC) 87 
(1:1 v/v) with 10 vol% fluoroethylene carbonate (FEC) was chosen to ensure our findings 88 
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contribute to a deeper understanding based on prior SEI studies associated with LiF8,18,20,39–41. LiF 89 
suspension electrolyte (LiF SE) containing 15 wt % of 400 nm to 5 µm-sized LiF (Figure S2) in 90 
RE was used to maintain consistent bulk liquid electrolyte chemistry for the SEI analysis and to 91 
closely examine the effect of LiF on the SEI evolution for Li0 anode. Based on empirical and 92 
theoretical investigations, we found that (1) LiF enriches Li2O in the SEI (improving the 93 
performance of Li0 anode), (2) the surfaces of LiF can serve as a favorable nucleation site for Li2O 94 
(revealing the propensity of LiF to form LiF/Li2O grain boundaries), (3) LiF exhibits non-95 
negligible solubility and spontaneous dissolution-reprecipitation behavior in the electrolyte 96 
(impacting the spatial distribution of LiF within the SEI), and (4) the surfaces of LiF interact with 97 
Li2O and electrolyte solvents (promoting the surface passivation of LiF with Li2O and dissolution 98 
of LiF in the electrolyte). These key findings elucidate the uncertainties regarding the effects of 99 
LiF on Li0 anodes (Figure 1a).  100 
 101 
To assess the effects of LiF on the SEI evolution, the compact-SEIs formed on the freshly 102 
electrodeposited Li0 with RE (Figure 1b,c) and LiF SE (Figure 1d,e) were examined by cryo-103 
TEM. Upon analyzing high-resolution cryo-TEM (cryo-HRTEM) images of electrodeposited Li0 104 
with RE, the Fast Fourier Transform (FFT) diffraction pattern corresponding to Li2O {111} (inset 105 
of Figure 1b) was observed. Although the inverse FFT of Figure 1b (Figure 1c) confirms the 106 
presence of Li2O in the SEI, no observable diffraction from LiF lattices was detected, which agrees 107 
with previous findings8,20,39 (Note S1). The cryo-HRTEM analysis of the electrodeposited Li0 with 108 
LiF SE (Figure 1d) was conducted to probe the relative difference in the SEIs. A comparison of 109 
the FFT patterns shown in the inset of Figure 1d (LiF SE) and Figure 1b (RE) reveals a stronger 110 
Li2O diffraction intensity for LiF SE. The inverse FFT of Figure 1d (Figure 1e) shows an 111 
enhanced Li2O distribution compared to Figure 1c, indicating that LiF SE promoted the 112 
enrichment of Li2O in the SEI. However, diffraction from LiF lattices was still absent for LiF SE 113 
(discussed later).  114 
 115 
Considering the observed effect of LiF in increasing the relative abundance of Li2O within the SEI 116 
(Figure 1d,e), the LiF suspension in LiF SE, identical sample in Figure 1d, was examined using 117 
cryo-TEM (Figure 1f,g) and scanning cryo-TEM electron energy loss spectroscopy (cryo-STEM 118 
EELS) (Figure 1h,i) to determine whether LiF remains inert, as it is typically considered4,36. The 119 
cryo-HRTEM image in Figure 1f reveals that the LiF suspension is passivated by Li2O. This was 120 
further verified by the FFT and inverse FFT analysis in Figure 1g,h, which exhibited pronounced 121 
diffraction patterns for LiF {111}, Li2O {111}, and Li2O {220} planes. In addition, a clear 122 
boundary between F and O, indicating the LiF/Li2O interface, was detected through cryo-STEM 123 
EELS in Figure 1i. Although the Li2O passivation on the surfaces of LiF8,19,21,25 and the 124 
coexistence of LiF/Li2O in SEIs16,26–30 have been observed, these phenomena have largely been 125 
overlooked and inadequately discussed (Note S2). Drawing on the observed effects of LiF in 126 
forming Li2O passivation (Figure 1f-i), enriching Li2O in the SEI (Figure 1d,e), and corroborating 127 
evidence of LiF/Li2O from the earlier studies8,16,19,21,25–30, we found that LiF has a strong tendency 128 
to form LiF/Li2O interface. 129 
   130 
To investigate the surface passivation mechanism of LiF and the role of LiF in Li2O enrichment 131 
in the SEI, the LiF suspension and a residual SEI (rSEI) formed after ten complete cycles of Li0 132 
plating and stripping with LiF SE were characterized (Figure 2). The characterizations from cryo-133 
HRTEM (Figure 2a,b) confirm that the LiF suspension remains passivated with Li2O, as 134 
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evidenced by the FFT diffraction patterns in Figure 2c and the inverse FFT in Figure 2d, 135 
demonstrating that Li2O on the LiF surface stays intact and persists throughout cell cycling. Based 136 
on the Li2O passivation mechanism analysis (Note S3), it was found that Li2O passivation on LiF 137 
surfaces occurs via physical precipitation.  138 
 139 
To understand the nanoscopic origin of the spatial distribution and enrichment of Li2O in rSEI LiF 140 
SE (Note S4), cryo-STEM EELS characterizations were performed (Figure 2e-k). From the cryo-141 
STEM image in Figure 2e, rSEI LiF SE portrayed distinct bright spots that differed in contrast. 142 
The cryo-STEM EELS fine structures were scanned within the designated area, demarcated by a 143 
yellow rectangle in Figure 2e, to probe chemistry information. Then, three spots were sampled 144 
each for both bright (Figure 2f) and dark (Figure 2g) regions. For the bright regions (Spot 1~3), 145 
the corresponding fine structure of the O K-edge (Figure 2h) closely resembles the STEM EELS 146 
signal of Li2O19, whereas the dark regions (Spot 4–6) display a comparatively weaker Li2O signal 147 
in the O K-edge fine structure (Figure 2i). On the other hand, the C K-edge fine structures for both 148 
bright (Figure 2j) and dark (Figure 2k) regions showed minimal variation, compared to the 149 
pronounced differences in the O K-edge fine structure in Figure 2h and Figure 2i. This suggests 150 
that the localized bright spots observed in Figure 2e are Li2O-rich areas.  151 
 152 
Furthermore, the C K-edge fine structure in the bright regions (Figure 2j) aligns closely with the 153 
fine structure of the C K-edge observed for LiF in contact with the compact-SEI19, indicating the 154 
presence of LiF in the bright regions. To verify this, the F K-edge fine structure was measured in 155 
both bright and dark regions (Figure S3). In the bright region, the F K-edge fine structure 156 
resembles that of LiF42, demonstrating the presence of LiF along with Li2O. Overall, cryo-STEM 157 
EELS fine structure analysis elucidates that the localized bright spots in Figure 2e correspond to 158 
LiF/Li2O, which closely resemble the previously observed LiF/Li2O core-shell nanostructure 159 
identified as the indirect-SEI8. To this point, we have empirically identified three key effects of 160 
LiF: (1) the propensity for LiF to interface with Li2O, forming LiF/Li2O interface (Figure 1f-i and 161 
Figure 2a-d); (2) Li2O passivation on the surfaces of LiF, occurring through the precipitation 162 
mechanism (Note S3); and (3) the enrichment of Li2O within the compact-SEI (Figure 1d,e) and 163 
LiF/Li2O indirect-SEI (Figure 2e-k), with a lack of LiF presence in the compact-SEI on Li0 164 
(Figure 1b-e). 165 
 166 
To elucidate the observed effects of LiF, Li2O binding affinity, Li grain boundary diffusion, 167 
solubility, and dissolution-precipitation behavior for LiF were interrogated through density 168 
functional theory (DFT) and quartz crystal microbalance (QCM) analyses (Figure 3). For DFT 169 
analysis, LiF (200), LiF (220), LiF (220)-Octo, LiF (111)-Octo-F, and LiF (111)-Octo-Li were 170 
selected (Note S5). In determining the propensity of LiF to interface with Li2O, the molecular 171 
binding energies of Li2O on LiF surfaces were calculated (Figure 3a,b). For benchmarking, two 172 
reference cases were considered: (1) Li2O and LiF molecules binding onto Li2O (111) surface40 173 
and (2) Li2O and LiF molecules binding onto LiF surfaces. In Figure 3a, the surface binding sites 174 
(Hollow (H), Top (T), and Li1~4, F2, and F4) are illustrated, and corresponding initial and final 175 
binding configurations of LiF and Li2O are provided in Figure S4 and Figure S5. In the former 176 
case, the more negative binding energies of Li2O compared to LiF on Li2O (111) surface (Figure 177 
3b) demonstrate that the Li2O surface has a stronger propensity to bind with itself rather than with 178 
LiF. Given the polycrystalline nature of LiF8,29,30,43,44, all relevant LiF surfaces were evaluated to 179 
determine the general binding affinity of Li2O (Figure 3b). In the latter case, all LiF surfaces 180 
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exhibited a higher binding affinity for Li2O than for LiF, as evidenced by the more negative 181 
binding energies for Li2O. This trend demonstrates that Li2O adsorption is thermodynamically 182 
more favorable on the surfaces of LiF (Note S6). Collectively, the results in Figure 3b elucidate 183 
a unique role of LiF: its ability to form LiF/Li2O interface, thereby the grain boundaries, where 184 
LiF surfaces can act as favorable nucleation/interaction sites for Li2O. 185 
 186 
To understand the potential benefit of LiF/Li2O indirect-SEI (Figure 2e) and LiF/Li2O interface 187 
(LiF being interfaced16,26–30 with or passivated8,19,21,25 by Li2O), the Li diffusion barrier across 188 
LiF/Li2O grain boundary was investigated to observe the effect of the LiF/Li2O interface on Li 189 
transport. For comparative analysis, grain boundaries (GBs) of both LiF/Li2O and LiF/LiF were 190 
constructed (Figure 3c), and the corresponding Li grain boundary diffusion barriers were 191 
calculated (Figure 3d and Figure S6). Activation energy barriers for diffusion pathways in LiF 192 
(200) / Li2O (111) GB are 0.56 eV, 0.44 eV, 0.22 eV for hopping mechanisms (A-A, A-B, B-B) 193 
and 0.12 eV, 0.49 eV, 0.30 eV for knock-off mechanisms (A-A, A-B, B-B). Among these pathways, 194 
three of them are more kinetically favorable compared with hopping diffusion in LiF / LiF (210) 195 
Σ3 GB (0.44 eV). These findings suggest that interfacing LiF with Li2O, equivalent to the LiF/Li2O 196 
GB, can facilitate Li transport, aligning with the previous study45. Based on the presence of 197 
LiF/Li2O indirect-SEI nanostructure (Figure 2e) and the disposition for LiF to form LiF/Li2O 198 
interface (Figure 3b), it can be more relevant that LiF facilitates Li diffusion across the SEI 199 
primarily through its role in forming the LiF/Li2O grain boundary, rather than via LiF surfaces 200 
alone46,47 (Note S7). 201 
 202 
Although the distribution of LiF/Li2O indirect-SEI (Figure 2e), the interfacing mechanism of LiF 203 
with Li2O (Figure 2a-d, Figure 3a,b, and Note S3), and the benefit of LiF/Li2O interface (Figure 204 
3d) have been examined, the lack of LiF presence within the compact-SEI (Figure 1b-e) remains 205 
a puzzling phenomenon (Note S8). Since SEIs are known to be soluble48,49, permeable to 206 
electrolytes18, and extremely thin36, the solubility and dissolution/precipitation behavior of LiF in 207 
the electrolyte can affect the spatial arrangement of LiF within the SEI. To investigate this, QCM 208 
was used to probe the solubility and dissolution/precipitation behavior of LiF (Figure 3e). 209 
According to the LiF dissolution in RE depicted in Figure 3f, the solubility of LiF was 210 
approximately 2.4 μg mL-1, which equates to a concentration of 0.093 mM. The solubility was 211 
determined at the point where the LiF solubility levelled off at a plateau of around 14 minutes, 212 
indicated by the dashed red line in Figure 3f (Note S9). This value estimates that 30 μm of a LiF 213 
cube can dissolve in 30 μL of RE, which is a typical lean electrolyte amount for making coin cells. 214 
Importantly, this dissolution amount of LiF is non-negligible, considering the thin length scale36 215 
and low LiF contents16 of SEIs.  216 
 217 
Furthermore, the dynamics of LiF dissolution behavior in the LiF-saturated electrolyte (LiF SE) 218 
were probed by the QCM (Figure 3g). In Figure 3g, the LiF solubility profile reveals that LiF on 219 
the QCM detector dissolves away (up to 12 min), then redeposits (after 12 min). This phenomenon 220 
occurs in the LiF-saturated electrolyte due to the cyclic process of spontaneous LiF dissolution 221 
and reprecipitation, also known as Ostwald ripening. Such observations suggest that LiF can 222 
spontaneously dissolve (migrate away) and reprecipitate (redeposit elsewhere) at equilibrium 223 
(Note S10). Considering these dynamics of LiF dissolution behavior in the electrolytes, the 224 
dissolution of LiF can play a critical role in dictating its spatial distribution within the SEIs (Note 225 
S11). Collectively, the non-negligible solubility (Figure 3f) and spontaneous dissolution-226 
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reprecipitation of LiF (Figure 3g) in the electrolyte, thus, provide critical insights into the lack of 227 
LiF presence within the compact-SEI8,18–25 (Figure 1b-e).  228 
 229 
To illustrate the surface interactions of LiF with electrolyte species in RE, the number density 230 
profiles of species in an RE with no surface (Figure 4a), near the LiF (200) surface (Figure 4b), 231 
near the octopolar-reconstructed LiF (200) (LiF (220)-Octo) surface (Figure 4c), and near the 232 
octopolar-reconstructed LiF (111) (LiF (111)-Octo) surfaces (Li-top and F-top) (Figure 4d) were 233 
examined with molecular dynamics (MD) simulations (Figure S7). After carefully analyzing the 234 
LiF/electrolyte interface, we found that solvents (particularly EC and DEC) and Li+ in the 235 
electrolyte were strongly interacting with LiF surfaces (Note S12). To visualize the surface 236 
interactions at the LiF/electrolyte interface, z-coordinate trajectories of each electrolyte entity (OEC, 237 
ODEC, OFEC, PPF6, and Li+) at the surfaces of LiF (200) (Figure 4e), LiF (220)-Octo (Figure 4f), 238 
and LiF (111)-Octo (Figure 4g) were plotted (Figure S8). From the trajectory plots in Figure 4e-239 
g, the line profiles, indicative of surface adsorptions, were evidently delineated for the solvents 240 
and Li+ at LiF surfaces (Note S13), in which the results reflect a congruent trend seen in the number 241 
density profiles in Figure 4a-d. The line profile analysis, therefore, unveils the unique trait of LiF: 242 
the capability of LiF to adsorb solvents and Li+ onto its surfaces. The adsorption of solvent 243 
molecules onto LiF surfaces observed in the MD simulations elucidates its non-negligible 244 
dissolution (Figure 3f) and spontaneous dissolution-reprecipitation (Figure 3g) in RE, which can 245 
impact the lack of LiF presence in the compact-SEI8,18–25 (Figure 1b-e) and the placement of LiF 246 
around the indirect-SEI regions8,19,22–24 (Figure 2e). Furthermore, it is conceivable that LiF’s 247 
ability to surface-adsorb Li+ (Figure 4e-g) and create a weakly solvating environment (Note S14) 248 
simultaneously contributes to facilitating Li+ transport50 by rectifying solvated Li+ through the 249 
LiF/Li2O45 grain boundaries (Figure 2e and Figure 3d).  250 
 251 
To assess the electrochemical attributes of the SEI in Figure 2e, the anode-less cells 252 
(Cu|LiNi0.8Mn0.1Co0.1-NMC811), each infused with 30 µL of RE and LiF SE, underwent cycling 253 
between 3 V and 4.3 V vs. Li+/Li (Figure 5a). LiF SE exhibited a higher first cycle CE (LiF SE: 254 
86.7 % ± 0.1 % and RE: 85.8 % ± 0.7 %), remaining cycle CE (LiF SE: 96.2 % ± 0.6 % and RE: 255 
92.1 % ± 0.3 %), and capacity retention than those for RE (Figure 5a and Figure S9). Upon 256 
examining the voltage profiles of RE and LiF SE (Figure S10), the increase of the cell 257 
overpotential after subsequent cycles was much suppressed for LiF SE. The enhanced cycling 258 
reversibility and lower overpotential build-up in anode-less cells point out that LiF-derived SEI 259 
enhances the functionality of Li0 anodes. To validate this, CE and Li nucleation overpotential were 260 
measured in Li0|Cu half cells with RE and LiF SE (Figure S11). LiF SE demonstrated an improved 261 
CE (LiF SE: 97.30 % ± 0.21 % and RE: 93.35 % ± 2.15 %), while showing negligible changes in 262 
Li nucleation overpotential (LiF SE: 77.53 mV ± 4.79 mV and RE: 76.57 mV ± 1.12 mV), where 263 
LiF exerted a minimal impact on the first Li0 electrodeposition morphology (Figure S12). This 264 
electrochemical response of LiF suggests that its role in improving the electrochemical 265 
performances of Li0 anode is contingent upon the formation of Li2O, a process that necessitates 266 
electrochemical cycling to produce Li2O through electrolyte decompositions (Note S15). 267 
Moreover, the interphase characteristics of pristine and electrodeposited Li0 were systematically 268 
examined by electrochemical impedance spectroscopy and XPS (Figure S13-15 and Table S1-8). 269 
It was found that LiF had minimal influence on pristine, uncycled Li0 electrode (Note S16) but 270 
contributed to improved interphase passivity for electrodeposited Li0 (Note S17). Collectively, the 271 
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electrochemical analysis elucidates the potential synergy between LiF and Li2O within the SEI, 272 
which contributes to the improved electrochemical performance of Li0 anode. 273 
 274 
By synthesizing key findings in this work, the projected working mechanism of LiF for Li0 anode 275 
is illustrated in Figure 5b. Initially, the reactive Li0 anode starts to get passivated by insoluble by-276 
products derived from decomposed Li+ solvation shells in the electrolyte36. When LiF 277 
instantaneously precipitates within the SEI formation region, LiF facilitates the nucleation of Li2O 278 
(Figure 1d,e), enabled by the high Li2O binding affinity (Figure 3b). However, due to electrolyte 279 
penetration into the SEI18, electrolyte-exposed LiF can be dissolved (Figure 3f) and spontaneously 280 
reprecipitate elsewhere (Figure 3g), simultaneously leaving nucleated Li2O behind in the 281 
compact-SEI (Figure 1d,e). During spontaneous dissolution-reprecipitation of LiF around the SEI 282 
domain, LiF dissolves away (Figure 1b-e) within the compact-SEI due to its non-negligible 283 
solubility in the electrolyte (Figure 3f). These properties eventually lead LiF to be placed as the 284 
indirect-SEIs8,22–25 (Figure 2e), at which Li2O starts to passivate LiF surfaces (Figure 1f-i and 285 
Figure 2a-d) through the precipitation mechanism (Note S3). When the passivation completes and 286 
gets stabilized, the localized LiF/Li2O indirect-SEI gets distributed across the interphase of Li0, 287 
which persists throughout the cycling (Figure 2e). Collectively, LiF-induced SEI exhibits Li2O-288 
enriched SEI (Figure 1d,e, Figure 2e-k, and Note S4), temporal and chemical stability (Note S17 289 
and Figure S13d), and improved electrochemical reversibility of Li0 anode (Figure 5a and Figure 290 
S9-11). These enhancements are afforded by the propensity of LiF forming the LiF/Li2O grain 291 
boundaries45 (Figure 3d), Li2O-rich40,51,52 and enhanced distribution of LiF/Li2O indirect-SEI 292 
(Figure 1d,e, Figure 2e-k, and Note S4), adsorbing Li+ onto LiF surfaces (Figure 4e-g), and 293 
creating the weakly solvating environment (Note S14). 294 
 295 
In this work, we performed a comprehensive study of LiF to unravel the effects of LiF on Li0 296 
anodes. The focus has been placed on observing the influence of LiF on the SEI evolution and 297 
discovering the relevant characteristics of LiF that contribute to enhanced electrochemical 298 
performance in Li0 anodes. By integrating empirical and theoretical findings, we emphasize that 299 
the roles played by LiF in the SEI on Li0 anode are closely associated with Li2O. Specifically, the 300 
observed phenomenon of the enrichment of Li2O in the SEI and the strong tendency of LiF to 301 
interface with Li2O were highlighted as key attributes of LiF in improving the performance of Li0 302 
anode. Additionally, we found that LiF exhibits non-negligible solubility and can spontaneously 303 
dissolve-reprecipitate in the electrolyte upon its saturation, elucidating the lack of LiF appearance 304 
within compact-SEI and placement of LiF as the indirect-SEI component alongside Li2O. By 305 
consolidating these critical discoveries, the projected working mechanism of LiF for Li0 anodes is 306 
outlined in this work. We envision that the content reported in this study can be leveraged to 307 
galvanize the advancements in SEI designs and understandings (Note S18) that propel Li0 batteries 308 
closer to practical applications.  309 
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Figures 310 

 311 
Figure 1. Summary of LiF and interphase analysis on Li0 and LiF suspension. (a) Schematic 312 
illustration outlining the motivation behind LiF and summarizing new findings of LiF in this work. 313 
(b) Cryo-HRTEM image of the compact-SEI on electrodeposited Li0 with RE. The inset represents 314 
FFT of (b), showing Li2O {111} diffraction pattern. (c) Inverse FFT of the inset in (b), showing 315 
Li2O {111}. (d) Cryo-HRTEM image of the compact-SEI on electrodeposited Li0 with LiF SE. 316 
The inset represents FFT of (d), showing Li2O {111} diffraction pattern. (e) Inverse FFT of the 317 
inset in (d), showing Li2O {111} diffraction pattern. (f) Cryo-HRTEM image of the LiF suspension 318 
in LiF SE. The yellow square box represents the selected area for cryo-STEM EELS. (g) FFT of 319 
(f), showing LiF {111}, Li2O {111}, and Li2O {220} diffraction patterns. (h) Inverse FFT image 320 
of (g), displaying LiF {111} and Li2O {111} in green and red, respectively. (i) Cryo-STEM EELS 321 
mapping of F and O for the region demarcated by the yellow box in (f).  322 
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 323 
Figure 2. Analyses of LiF suspension and rSEI after cycling. (a,b) Low (a) and high (b) 324 
magnification cryo-HRTEM images of LiF suspension in LiF SE after cycling. The dashed white 325 
lines in (b) indicate Li2O passivation layer on LiF suspension. (c) FFT of (b), showing LiF {220}, 326 
Li2O {111}, and Li2O {220} diffraction patterns. (d) Inverse FFT of (c), displaying LiF {220} and 327 
Li2O {111} in green and red, respectively. (e) Cryo-STEM image of rSEI LiF SE. The yellow 328 
rectangle represents the selected area for the cryo-STEM EELS analysis. (f-g) Cryo-STEM EELS 329 
images of the bright (f) and dark (g) regions bordered with dashed lines corresponding to the 330 
yellow rectangle in (e). (h-i) Oxygen K-edge fine structure profiles of spot 1~3, bright spots (h), 331 
and spot 4~5, dark regions (i). (j-k) Carbon K-edge fine structure profiles of spot 1~3, bright spots 332 
(j), and spot 4~5, dark regions (k).  333 
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 334 
Figure 3. Properties of LiF. (a) Crystal structures of Li2O (111), LiF (200), LiF (220), LiF (220)-335 
Octo, LiF (111)-Octo-F, and LiF (111)-Octo-Li slabs used for Li2O and LiF molecular binding 336 
analysis. The hollow (H), top (T), and Li1~4, indicated by the filled stars, represent specific 337 
binding sites for Li2O and LiF molecules. (b) Binding energies of Li2O and LiF molecules onto 338 
the binding sites shown in (a). The surface adsorption of Li2O molecule is indicated in the dashed 339 
line and open symbol, whereas the surface adsorption of LiF molecule is represented by the solid 340 
line and filled symbol. The circle and square symbols signify Li2O and LiF surfaces, respectively, 341 
which the Li2O and LiF surfaces are separated by the solid grey line. The most favorable binding 342 
site and corresponding binding energy for each of Li2O or LiF surfaces are highlighted in bold text. 343 
(c) Schematics of a LiF (200) / Li2O (111) grain boundary (GB) and a LiF / LiF (210) Σ3 GB. Red, 344 
yellow, and blue spheres denote O, F, and Li atoms, respectively. (d) Activation energy barriers 345 
for Li diffusion in the LiF/Li2O and LiF/LiF GBs. The plausible GB diffusion pathways for a Li 346 
atom are illustrated in the inset of (d). The blue and red arrows indicate hopping and knock-off 347 
mechanisms, and the pink spheres with letters denote high symmetry sites inside the LiF/Li2O and 348 
LiF/LiF GBs. (e) Schematic illustration of LiF solubility measurement using the QCM. (f,g) LiF 349 
solubility profile in RE (f) and LiF SE (g).  350 
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 351 
Figure 4. Molecular dynamics (MD) simulation of molecular interactions at the LiF/electrolyte 352 
interface. (a-d) Number density profiles of EC (OEC), DEC (ODEC), FEC (OFEC), PF6− (FPF6), and 353 
Li+ in RE with no surface (a), near the LiF (200) surface (b), near the LiF (220)-Octo surface (c), 354 
and near the LiF (111)-Octo-F and LiF (111)-Octo-Li surfaces (d). (e-g) z-coordinate trajectories 355 
of OEC, ODEC, OFEC, PPF6, and Li+ near the LiF (200) surface (e), LiF (220)-Octo surface (f), and 356 
LiF (111)-Octo-F surface and LiF (111)-Octo-Li surface (g). Each colored dot represents a unit of 357 
EC, DEC, FEC, PF6−, and Li+ at a given time. The vertical axis of the plots illustrates the z-axis 358 
(height in nanometers) in the simulation box; the horizontal axis shows the simulation time in 359 
nanoseconds.    360 
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 361 
Figure 5. Full cell cycling analysis and working mechanism of LiF for Li0 anode. (a) 362 
Cu|NMC811 anode-less cell cycling performances with RE and LiF SE. The Cu|NMC811 cells 363 
were charged up to 4.2 V vs. Li+/Li with a current density of 0.4 mA cm-2, and constant voltage 364 
charging was applied at 4.3 V vs. Li+/Li with a cut-off current of 0.04 mA cm-2. Then the cells 365 
were galvanostatically discharged from 4.3 V to 3 V vs. Li+/Li with a current density of 0.8 mA 366 
cm-2. The filled and open symbols represent the areal discharge capacity and CE. (b) Schematic 367 
illustrations of the proposed working mechanism of LiF for Li0 anode.  368 
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