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Lithium is the most attractive anode material for high-energy density
rechargeable batteries, but its cycling is plagued by morphological
irreversibility and dendrite growth that arise in part from its
heterogeneous “native” solid electrolyte interphase (SEI). Enriching
the SEI with lithium fluoride (LiF) has recently gained popularity to
improve Li cyclability. However, the intrinsic function of LiF—whether
chemical, mechanical, or kinetic in nature—remains unknown. Herein,
we investigated the stability of LiF in model LiF-enriched SEIs that are
either artificially preformed or derived from fluorinated electrolytes,
and thus, the effect of the LiF source on Li electrode behavior. We
discovered that the mechanical integrity of LiF is easily compromised
during plating, making it intrinsically unable to protect Li. The ensu-
ing in situ repair of the interface by electrolyte, either regenerating
LiF or forming an extra elastomeric “outer layer,” is identified as the
more critical determinant of Li electrode performance. Our findings
present an updated and dynamic picture of the LiF-enriched SEI and
demonstrate the need to carefully consider the combined role of ionic
and electrolyte-derived layers in future design strategies.

Li metal anode | Li battery | solid electrolyte interface

Growing demand for electric vehicles has spurred intensive
research on rechargeable batteries with higher energy den-

sities than today’s Li-ion batteries, which have difficulty meeting
energy density targets for transportation (>350 Wh/kgcell) outlined
by the US Department of Energy (1). Replacing the graphite
anode with Li metal is one potentially promising strategy given
a more than 10-fold higher capacity of Li (3,860 mAh/gLi vs.
372 mAh/ggraphite) (2, 3). Li anodes are also indispensable for
realizing the full potential of other “beyond Li-ion” batteries such
as Li-oxygen and Li-sulfur (4). However, the use of Li metal faces
multiple challenges, especially the propensity to deposit unevenly,
leading to dendrite growth, safety issues, and loss of active Li.
Uneven Li deposition is believed to arise in part from the

heterogeneity of the Li interface, i.e., the “native” solid electrolyte
interphase (SEI), which is made up of multicomponent inorganic
and organic phases formed by parasitic reactions between Li
and the electrolyte (5, 6). Recently, low Li deposition over-
potentials and directional Li+ migration toward Li nuclei have also
been suggested to induce uneven Li deposition (7). Previous re-
search has elucidated certain phenomenological aspects of the
SEI, such as the major chemical phases, possible reaction path-
ways (8), and microscale morphology (9). Lithium fluoride (LiF) is
one recurring motif that is present in nearly all functional SEIs
(Fig. 1A) given fluorine’s near ubiquity in common electrolyte salts
(10). Among SEI components, bulk LiF possesses some unique
properties, including high mechanical strength (11), low solubility
(12), a wide electrochemical stability window (0 to 6.4 V vs. Li)
(13, 14), and low calculated barriers to Li diffusion (15), which
suggests that LiF may enable homogeneous Li+ flux and suppress
dendrites. Consequently, the prevalence of fluorine or fluoride,
combined with its attractive properties in the bulk phase, has led
to the suggestion that LiF is a particularly beneficial phase for the
Li SEI in recent years.
Multiple studies have reported ex situ fabrication of LiF layers

on Cu or Li, forming an artificial (also referred to herein as ex

situ) LiF SEI (Fig. 1B). Synthetic methods have included hy-
drolysis of LiPF6 on Cu (16, 17); reaction of Li with fluorinated
precursors (18, 19); atomic layer deposition (ALD) using TiF4

(20) or HF/pyridine (21); and physical vapor deposition (22).
Smoothened Li deposits were observed after cycling, and several-
fold improved cycle life and increased Coulombic efficiencies
were generally reported with LiF modification. Other studies
have indicated that fluorine or fluoride enrichment in the elec-
trolyte results in a LiF-enriched SEI (herein denoted as “in situ
LiF SEI”; Fig. 1C). F-enriched electrolytes have included addi-
tives such as HF (23) and high loadings of LiF salt (24), and
solvents such as fluoroethylene carbonate (FEC) (25–28), and have
enabled significant improvements in cycle life and high Coulombic
efficiencies (∼89 to 99%). High levels of LiF were typically observed
in postmortem analysis of the cycled Li surfaces.
Despite these phenomenological improvements, it remains un-

certain whether LiF has an intrinsically beneficial function in the
SEI. Understanding is hindered by several factors, including var-
iations among LiF-forming approaches (i.e., in situ vs. ex situ) and
electrolytes used. For example, conflicting results about ex situ LiF
are found in literature: A standalone layer fabricated on Cu by
ALD was found to decrease Coulombic efficiency due to in-
homogeneous Li deposition (20), whereas LiF layers on Li were
elsewhere reported to improve cycle life in symmetric cells (19,
21). Additionally, it remains unclear how some physical properties
of LiF can support performance improvements: For example,
LiF is an ionic insulator (∼10−13 to 10−14 S/cm) (29, 30), making
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it counterintuitive that LiF-enriched SEIs can impart benefits
related to Li+ transport.
With these factors in mind, fundamental studies on the intrinsic

protective role of LiF are needed. In this work, we aimed to an-
swer the question of whether LiF is a particularly beneficial SEI
component from a material point of view. Conformal ex situ LiF
layers were first directly grown on Li, and their electrochemical
behavior was analyzed in a set of judiciously chosen electrolyte
systems to span different SEI-forming functions. This was com-
pared with in situ LiF SEI derived from fluorine-rich electrolytes,
providing two platforms to examine the LiF function in detail.

Results and Discussion
Synthesis and Characterization of Ex Situ, All-LiF SEI on Li. To fab-
ricate ex situ layers, a reaction scheme was developed (Fig. 2A)
to grow LiF directly on Li. Nitrogen trifluoride (NF3) gas (31)
was used as the reactant. We previously studied reduction of NF3
as a fluorinated gas cathode in Li batteries and found that copious
amounts of LiF formed on the carbon cathode under electro-
chemical conditions, releasing N2 (32). To develop an analogous

chemical synthesis herein, Li foils were mechanically polished
under Ar and pressed onto stainless-steel spacers. These were
then loaded into a home-built reactor (SI Appendix, Fig. S1) and
subjected to varying reaction conditions under NF3 atmosphere
at ∼20 psi inside an Ar glovebox.
Film composition as a function of reaction condition was first

investigated using X-ray photoelectron spectroscopy (XPS). Little
reactivity between Li and NF3 was observed at room temperature
(only 1.5% F atomic percentage after 16 h), consistent with the
high chemical bond energy of N–F in NF3 (276 kJ/mol) (33). In-
creasing the temperature above 150 °C for just 1 h resulted in
much higher fluorine content on the Li surface (Fig. 2B), corre-
sponding entirely to LiF from the high-resolution F 1s scan (SI
Appendix, Fig. S2). Negligible elemental nitrogen was observed
(<0.3 atomic %; SI Appendix, Fig. S2), indicating that N2 (g) es-
capes rather than reacting with Li under dry conditions (34). This
indicates that the overall synthesis occurs by the reaction 6 Li + 2
NF3 = 6 LiF + N2, similar to the electrochemical reaction
reported. Notably, the resulting samples had minimal amounts of
common contaminant atoms such as C (SI Appendix, Fig. S2),
which have been present in some other LiF synthetic methods (19,
21). In addition, films formed at 175 °C yielded conformal cov-
erage from scanning electron microscopy (SEM) analysis (Fig. 2C;
note that air-free sample holders were used to transfer all samples
for XPS and SEM measurements). In contrast, only sparse LiF
particles were found at lower temperature (150 °C), whereas sig-
nificantly textured and porous films were observed at higher
temperature (190 °C; SI Appendix, Fig. S3). At 175 °C, poly-
crystalline LiF phases were observed from X-ray diffraction
(XRD) patterns over a range of reaction times (1 to 15 h), with
average grain sizes of 35 to 45 nm (SI Appendix, Fig. S4), similar to
those of other ex situ LiF layers (10 to 50 nm) (19, 21). A cross-
sectional SEM image of an intentionally broken LiF layer after a
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Li2O

Li2CO3
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ex situ LiF SEI in situ LiF SEI
Inorganic layer only Fluorinated electrolyte
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Fig. 1. Varying structures of the LiF-containing solid electrolyte interphase
(SEI) on Li. (A) Native SEI from conventional carbonate electrolytes, without
fluoride enrichment. (B) Ex situ LiF-enriched SEI from nonelectrolyte fluorine
sources. (C) In situ LiF-enriched SEI from fluorine-rich electrolytes.

A B C
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Fig. 2. Synthesis and characterization of ex situ LiF on Li. (A) Schematic of the Li–NF3 reaction to form LiF layers on Li. (B) X-ray photoelectron spectra of
unreacted and treated Li with corresponding F atomic percentage. (C) Top-view and (D) tilted-view SEM image, and photograph (Inset) of treated Li. The
sample in D was bent to intentionally break the LiF layer and expose unreacted Li underneath for imaging. (E) Photographs of the two types of samples upon
air exposure. (F) Gas evolution after a 15-min soak of both samples in EC/DEC electrolyte (1 M LiPF6). (G and H) Nyquist plots of symmetric cells using untreated
and treated Li, respectively. Reaction conditions in C–F and H were 175 °C for 1 h.
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1-h reaction indicated a thickness of ∼50 nm—similar to other
artificially introduced LiF interphases (several to few hundred
nanometers) (18, 19, 21, 22) and electrolyte-derived LiF (10)—and
that the underlying Li was fully unreacted (Fig. 2D). Similar LiF
sizes and thicknesses were also obtained at shorter reaction times (5
to 30 min at 175 °C; SI Appendix, Fig. S5). This indicates that the
growth of LiF particles is self-limited; longer reaction times nucleate
more LiF particles but do not cause continuous particle growth. All
following measurements utilized films formed at 175 °C for 1 h
(denoted henceforth as “ex situ LiF/Li”).
Probing the intrinsic stability of an ex situ LiF layer requires that

the layer be pinhole-free, i.e., no further reaction occurs between
Li and electrolyte when assembled into cells. The as-prepared LiF/
Li samples exhibited excellent stability in air over more than 3 h,
whereas untreated Li samples reacted readily (Fig. 2E). Moreover,
upon soaking in excess baseline electrolyte (1 M LiPF6 in ethylene
carbonate [EC]: diethylene carbonate [DEC] [vol/vol = 1/1]),
untreated Li evolved significant quantities of gases including
ethylene (C2H4), ethane (C2H6), and carbon monoxide (CO) over
15 min, whereas negligible gases were evolved from ex situ LiF/Li
(Fig. 2F). Furthermore, electrochemical impedance spectroscopy
(EIS) measurements were performed at open circuit voltage
(OCV) on symmetric cells to examine temporal stability upon
soaking (Fig. 2 G and H). Untreated Li electrodes showed a large
depressed semicircle at the high- to medium-frequency region
(1 MHz to ∼20 Hz) and a small semicircle-like feature at the low-
frequency region (∼20 to ∼1 Hz). The semicircle arises from Li+

transport through compact ionic phases within the SEI, while the
feature at the low-frequency region is associated with Li+ diffusion
at the outermost layer of the SEI; these two features together
comprise the Li-electrolyte interfacial resistance (6). Ex situ LiF/
Li showed a large semicircle and a straight tail, features that
were absent from the pristine Li and can therefore be ascribed to
interfacial resistance within the ex situ LiF layer. The real im-
pedances (Z′) of the semicircle in the ex situ LiF/Li were sig-
nificantly larger than those with untreated Li by ∼300 to 700 Ω.
Accounting for the thickness of the LiF (∼50 nm) and electrode
area (1.33 cm2), the ionic conductivity of ex situ LiF was esti-
mated as ∼10−9 S/cm, within the range of previously reported ex
situ LiF-enriched SEI (10−14 to 10−9 S/cm) (18, 21). Notably, the
impedance results indicate that the ex situ LiF layer is more
chemically stable vis-à-vis the electrolyte than a native interface.
During the 96-h OCV resting period, the impedance of the former
was virtually unchanged, which suggests successful decoupling of
the underlying Li from the surrounding electrolyte through a
stable LiF film (note that the initial change from 0 to 24 h is due to
wetting effects). In contrast, the untreated Li impedance increased
steadily over the same time frame, indicating continuous chemical
and/or structural evolution of the native SEI (35, 36). These con-
certed results indicate that the desired model system in Fig. 1B—
single-component, with minimal solvent-derived outer layer, and
representative properties such as thickness, polycrystallinity, and
conductivity—was achieved by this synthesis.

Galvanostatic Cycling and Chronoamperometry. We first investi-
gated whether the ex situ LiF SEI retains its pristine structure
during active Li plating and stripping. For an ex situ SEI to be
deemed fully protective, the layer must enable Li deposition
underneath the layer at the Li/SEI interface while avoiding
breakage. To investigate whether this occurs with the ex situ LiF
SEI, a low current density (0.2 mA/cm2) was chosen with a cy-
cling capacity of 1 mAh/cm2. The electrolyte volume was 30 μL.
At the onset of cycling (Fig. 3A), both ex situ LiF/Li and un-
treated Li electrodes showed characteristic Li plating behavior,
with a relatively large peak voltage followed by a subsequent
relaxation (37). However, the LiF/Li electrodes had a significantly
larger overpotential than untreated Li, i.e., approximately −600
vs. −320 mV. The higher overpotential in LiF/Li was consistent

with the ionic resistance from EIS measurements (∼130 mV for
0.2 mA/cm2 and ∼500-Ω difference in resistance) and indicates
that Li+ was indeed conducted through the LiF layer during cy-
cling. However, the overpotential difference decreased steadily
thereafter, converging to only ∼20 mV within the first full cycle
(Fig. 3B), suggesting the evolution of the ex situ LiF interface to a
less resistive one similar to the native SEI.
Electrode morphologies were analyzed after each sample was

subjected to only a single plating/stripping step (Fig. 3 C and D).
In the charged LiF/Li electrode, regions (∼25 μm2) with darker
contrast, corresponding to pitted areas where Li metal was oxi-
dized, were scattered on the electrode surface (Fig. 3D, “strip-
ped”). These pitted areas are indicative of SEI breakdown during
the electrochemical Li dissolution process as indicated previously
(9). Meanwhile, in the corresponding plated electrode, round and
whisker-like Li deposits were observed (Fig. 3D, “plated”).
Notably, these morphological features were nearly indistinguishable
from the corresponding untreated Li electrode without LiF (Fig.
3C). The increased porosity in the plated ex situ LiF/Li electrode
indicates that the LiF layer underwent clear and significant mor-
phological changes, converting into an interface indistinguishable
from the untreated Li after only one half-cycle. Thus, LiF does not
appear to homogenize Li+ flux nor enable macroscopic Li de-
position beneath the LiF layer. Note that previous studies of ex
situ LiF reported SEM images after long-term cycling (e.g., hun-
dreds of cycles)—in some instances, interestingly, with Li deposit
morphologies similar to what is reported here—yet were described
as being uniform or dendrite-free (22, 38, 39).
We hypothesized that the initially high overpotential and

subsequent decrease may be related to the observed breakdown of
the initial SEI. To investigate this further, chronoamperometry
studies were conducted. Chronoamperometry allows the elec-
trodes to be polarized from the rest state at small incremental
potentials, avoiding exposure to potentially damaging high over-
potentials. Under these conditions, the ex situ LiF/Li electrode
showed significantly smaller current magnitudes (<8 μA/cm2; Fig.
3F) compared to the untreated Li (50 μA/cm2; Fig. 3E), consistent
with impeded ion transport through the LiF layer. For untreated
Li, current plateaus were rapidly established within several sec-
onds at each step (e.g., −50 μA/cm2 at −50 mV), indicating that
ion transport through the native SEI quickly reached a steady state
and that the electrochemically active area remained constant over
these short polarization times. Similar current plateaus were also
eventually reached with the ex situ LiF/Li electrode at positive
potentials. However, monotonic increases in currents after a few
seconds (>10 s) were observed at negative potentials be-
low −35 mV. This increasing current magnitude suggests that
the electrochemically active area increased after the initial tran-
sient period, i.e., SEI breakage occurred, creating a less resistive
path for subsequent Li deposition. Thus, the ex situ LiF SEI, by
generally impeding ion flux with higher ionic resistance, appears to
promote early SEI film breakdown, particularly upon plating. This
could occur through enhancements of electrochemical “hot-spot”
behaviors (preferred deposition through regions of lower ionic
resistance), such as at LiF grain boundaries, which can possibly
have enhanced ion transport relative to the bulk as observed in
some polycrystalline oxides (40, 41). The fact that the peak over-
potential of LiF/Li at the cycling onset (approximately −600 mV,
Fig. 3A) was significantly larger than the −30 mV at which indi-
cations of breakthrough occurred from chronoamperometry indi-
cates that the ex situ LiF SEI is already penetrated at the Li
deposition onset under typical galvanostatic conditions. After that,
Li plating likely continues through the most preferable path,
leading to eventual deposition both within and on top of the LiF
layer (Fig. 3D).
Compromise of the ex situ LiF SEI during cycling suggests that

an SEI-repairing process will occur between the freshly exposed
Li and the bulk electrolyte, and that subsequent cycling will be
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electrolyte dependent. To investigate this, electrochemical studies
using additional electrolytes—one selected exclusively for “inner-
layer” (LiF) repair, and one selected for “outer-layer” (elasto-
meric) repair—were next conducted. For the first, FEC was added
at 5 wt% into the baseline electrolyte because of its reported
ability to enrich Li surfaces with LiF (25, 26). To fairly compare
cycling outcomes, the cycle number at which the overpotential
doubled compared to the initial reference overpotential over the
first six cycles was considered (SI Appendix, Fig. S6). In the
baseline electrolyte, the ex situ LiF/Li had a shorter cycle lifetime
before failure compared to the untreated Li, i.e., 12 vs. 23 cycles
(Fig. 3G). Using ex situ LiF/Li obtained at other conditions (i.e., 5
to 30 min at 175 °C) also failed to significantly achieve better cycle
life (SI Appendix, Fig. S7). Adding FEC into this electrolyte slightly
increased the cycle lifetime for both untreated and ex situ LiF/Li,
confirming a minor beneficial role of FEC. However, both types of
electrodes exhibited comparable cycle numbers prior to reaching
the failure criterion (∼25 cycles; SI Appendix, Fig. S8 A and B),
indicating that cycle life was determined more by FEC than by the
ex situ LiF SEI. Regardless, FEC was not suitable to enable stable,
long-term cycling, as cycled electrodes also showed substantial po-
rosity (SI Appendix, Fig. S10 A and B).
Given the inability of FEC in additive quantities to fully repair

the ex situ LiF layer under cycling, an ether-based electrolyte, 1 M
lithium bis(trifluoromethane)sulfonimide (LiTFSI) in 1,3-dioxolane/
1,2-dimethoxyethane (DOL/DME) with 1 wt% LiNO3, was also
investigated. This electrolyte composition was selected given the
demonstrated ability of DOL/DME to form a flexible and pro-
tective outer layer [e.g., polymeric LiO(CH2CH2OCH2O)nLi from
DOL decomposition] (8, 42). In DOL/DME, both electrodes
showed significantly larger cycle numbers (>120 cycles; SI Ap-
pendix, Figs. S8 C and D and S9) compared to those obtained in
carbonate electrolytes. The performance of LiF/Li and untreated
Li was indistinguishable, and neither sample exhibited failure over

the cycle numbers examined. Despite better cycle performance,
the cycled LiF/Li layers with DOL/DME still exhibited significant
roughening compared to the pristine state, although deposits were
generally smoother (SI Appendix, Fig. S10 C and D) compared to
the carbonate electrolyte. Therefore, degradation is at best delayed,
but not fully avoidable, even with a substantially improved outer
layer. Overall, this leads to the conclusion that the ex situ LiF en-
richment appears to be secondary to the much more highly bene-
ficial elastomeric SEI formed in DOL/DME. In other words, a
“good” outer layer buffers the degradation of a “bad” inner
layer, and even dominates the electrochemical performance.
Similar electrolyte dependency of cycle life was also observed
when a higher current density (1 mA/cm2) was used (SI Appendix,
Fig. S11).

Galvanostatic Cycling with an In Situ, LiF-Enriched SEI Derived from
Fluorinated Electrolyte. Given the importance of in situ modifi-
cation of the SEI by the electrolyte, it is also interesting to in-
terrogate the protective behavior of a LiF-enriched SEI derived
from the electrolyte. Thus, 7 M lithium bis(fluorosulfonyl)amide
(LiFSI)/FEC was used as a representative all-fluorinated elec-
trolyte that forms copious LiF during Li cycling (28). To form
the in situ layer, electrodes were galvanostatically cycled in this
electrolyte as a formation step, prior to subsequent character-
ization. For microstructural analysis of the as-formed in situ
SEI, preparation was conducted directly onto a Cu transmission
electron microscopy (TEM) grid by cycling in an asymmetric Cu–
Li cell using 7 M LiFSI/FEC for 10 cycles, finishing with a charge
step that left only the SEI layer behind (SI Appendix, Fig. S12A).
Scanning transmission electron microscopy (STEM) analysis
showed that the resulting SEI layer was ∼40 nm thick (Fig. 4A),
similar to the ex situ LiF. However, in contrast to the ex situ
layer, which had a single composition (nanocrystalline LiF with
no outer layer), the in situ layer was composed of a crystalline

A B
C

D

GFE

Fig. 3. Cycling of ex situ LiF/Li electrodes. (A) Galvanostatic cycling of symmetric Li cells using untreated Li or ex situ LiF/Li during the first half cycle, and (B)
over the first several cycles. (C and D) Top-view SEM images of electrodes at the end of the first half-cycle. (E and F) Chronoamperometry of cells using
untreated Li and ex situ LiF/Li as the working electrode, respectively (counter electrode: untreated Li). (G) Cell cycle number in which the overpotential
doubled compared to the initial reference overpotential ðη0Þ in different electrolytes. Error bars indicate standard deviation from three cells. The blue arrow
indicates user termination of cell cycling after 120 cycles (no differences observed between cells).
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inner layer (∼8 nm) and an amorphous outer layer (∼32 nm;
Fig. 4B), which likely consists of organic/polymeric species from
electrolyte decomposition. The inner layer (Fig. 4C) could be
assigned along the [011] zone axis of a cubic crystal symmetry
(Fig. 4D) and had a (200) d-spacing of 2.03 Å (Fig. 4E), close to
the theoretical value of the LiF (200) plane, 2.01 Å. Coulombic
efficiencies during the initial 10 cycles ranged from 91 to 97%
(Fig. 4F and SI Appendix, Fig. S12B), in reasonable agreement
with previous literature results (∼89 to 98% in initial cycles) and
higher than those typically attainable in carbonate electrolyte
(typically 60 to 80%) (28). To further understand the origin of
such high Coulombic efficiencies, and whether they are reflective
of a stable solid LiF layer, the fluorinated electrolyte was
replaced with the nonfluorinated baseline electrolyte, and cycling
continued. The Coulombic efficiency dropped rapidly, from ∼90
to ∼80%, and continued declining over 10 additional cycles. Sur-
prisingly, the Coulombic efficiency could be nearly restored
to >90% when the electrolyte was again replaced by 7 M LiFSI/
FEC (Fig. 4F). This measurement differed from previous studies
(25–28), which always retained the fluorine-rich electrolytes
throughout cycling. Therefore, it tests the intrinsic stability of the
in situ LiF SEI without the compounding effect of LiF repair once
the fluorinated electrolyte is removed. The results indicate that
the fluorine-rich electrolyte is essential to achieve high Coulombic
efficiencies. Without it, the electrolyte-derived LiF SEI is not in-
trinsically protective for Li, requiring continuous electrolyte
consumption.
To further compare the effect of the in situ and ex situ LiF SEI

on Li cycling performance under the same conditions, i.e.,
coating on Li, in situ LiF/Li electrodes were also prepared by
cycling untreated Li in symmetric cells using the 7 M LiFSI/FEC
electrolyte for 11 cycles (0.2 mA/cm2, 1 mA/cm2; SI Appendix,
Fig. S13). Then, these modified electrodes were transferred into
new symmetric cells reassembled using the baseline electrolyte.
Interestingly, upon subsequent cycling, the in situ LiF/Li showed
significantly better performance, as indicated by a slower rise in
overpotential over 24 cycles compared to the ex situ LiF/Li (Fig.
4G). Moreover, the in situ LiF/Li exhibited stable overpotentials
over a substantially longer lifetime of 80 cycles (SI Appendix, Fig.
S14). Lower overpotentials in the in situ LiF/Li likely arise from

the lower thickness (∼8 nm) of LiF compared to the ex situ LiF
(∼50 nm). In addition, the better cycle life indicates that the
thinner LiF layer may also help to reduce highly localized en-
hancement of Li+ transport through lower-resistance pathways
(current “hot spots” as mentioned previously), which appears to
plague the thicker, ex situ LiF layer. The elasticity provided
from the amorphous outer layer can also help to delay the LiF
breakdown process, in a similar effect of the elastomeric outer
layer from the DOL/DME electrolyte. Taken together, the
unique double-layer structure of the in situ LiF SEI can explain
the lower overpotentials and improved cycling performance
compared to ex situ LiF. Note that, however, porous Li deposits
and pitted areas were still observed on cycled in situ LiF/Li
electrodes (SI Appendix, Fig. S15), indicating the LiF break-
down process still occurred. Interestingly, the cycle life of the
in situ LiF layer on Li was also longer than the untreated Li
(SI Appendix, Fig. S16), despite its low Coulombic efficiency
(typically 60 to 80%) in the baseline electrolyte (Fig. 4F), in-
dicating that apparently stable Li cycling does not necessarily
reflect high Coulombic efficiency when large reservoirs of Li
are present.

Discussion on the Intrinsic Protective Behavior of LiF in SEI. Our re-
sults show that LiF, whether formed through ex situ or in situ
methods, undergoes structural change and breaks down regard-
less of the electrolyte during cycling. Thus, one of the main at-
tractive properties of bulk LiF—its high mechanical strength—
does not translate to high mechanical stability in the SEI. The
results also show that LiF does not successfully align Li+ flux
through the interface at a scale required to achieve flawless
deposition underneath, at least for SEI layers of ∼50 nm in this
work. These facts point toward little intrinsically beneficial
function of LiF once it is already present as a solid phase in the
SEI. The remaining question is why do fluorinated additives
yield such high Coulombic efficiencies and good cycle perfor-
mance? First, while the electrolyte consumption per cycle can be
minimized using all-fluorinated electrolytes, continuous electro-
lyte consumption does occur, as high as 1 to 2% Coulombic in-
efficiency per cycle. The relatively high Coulombic efficiency
reflects the fact that fluorinated electrolyte can quickly passivate
new Li deposits with a chemically stable solid phase, and thus
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Fig. 4. Characterization and cycling of in situ LiF/Li electrodes. (A) Scanning
transmission electron microscopy (STEM) image of the in situ LiF SEI formed
by plating/stripping Li on a Cu TEM grid. (B) Magnified STEM image and (C)
magnified image of the orange rectangle region in B. (D) Fast Fourier
transformation (FFT) pattern and (E) intensity plot of the dashed region in C.
(F) Coulombic efficiency of an asymmetric Cu–Li cell in the electrolyte as
indicated. (G) Galvanostatic cycling of symmetric Li cells.

A B

Fig. 5. Li deposition with (A) an ex situ LiF SEI in carbonate electrolyte,
and (B) an in situ LiF SEI in fluorinated electrolyte. Both LiF SEIs break
down after Li deposition, but their SEI repair process is kinetically differ-
ent. Slow repair occurs in the carbonate electrolyte, forming a thick, po-
rous native SEI (A), while fluorine sources react quickly with new Li
deposits, forming a thin, compact SEI (B).
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minimize—although not prevent—further reaction of Li with the
electrolyte (Fig. 5). Compared to conventional solvents, fluorinated
solvents possess lower-energy lowest unoccupied molecular orbitals
and thus higher reduction potentials vs. Li (43), which predicts a
faster reaction with Li to form a thin and more compact SEI. Fast
kinetics of decomposition reactions has been suggested as an
important predictor to choose electrolyte components for a stable
SEI (44); fluorinated electrolytes embody the concept of a “highly
concentrated additive.” Future studies that can quantify the ki-
netics of SEI-forming reactions, particularly those involving fluo-
rinated molecules of different chemical compositions (28), will be
important. This kinetics argument also suggests that a “good” SEI
may not be unique to LiF-containing compositions, but rather,
other species that react rapidly due to elevated potentials vs. Li—
which likely explains the success of LiNO3 (45) among other ad-
ditives. To the best of our knowledge, it has not been mentioned
clearly among studies on Li electrodes (46) to date that highly
fluorinated electrolytes function by continuous consumption of the
electrolyte—in other words, that fluorine enrichment does not
create one subsequently stable SEI, such as that observed in the
graphite anode (47), but rather is essential for sustained repair of
an intrinsically unstable interface.

Conclusions
We have compared the effect of ex situ and in situ LiF-enriched
SEIs on Li cycling behavior. The ex situ LiF SEI exhibits breakdown
behavior from the cycling onset and fails to intrinsically protect the
exposed Li; it is the ensuing Li reaction with the electrolyte, i.e., the

in situ SEI formation process, that determines the Li cycling
performance. Electrolytes that can form LiF to repair the SEI, or
produce an elastomeric outer layer, can substantially improve Li
cycling. The in situ LiF SEI also suffers from the same break-
down process and cannot protect new Li deposits once the LiF-
forming electrolyte is removed. Thus, our results indicate that
the in situ formation of a thin, compact LiF layer to quickly
protect the Li surface may be more critical than the properties of
LiF itself for affecting Li cycling. They also demonstrate the need
to carefully examine the combined role of artificially modified Li
alongside possible contributions from the electrolyte, and point to
design of electrolytes for fast SEI repair as a promising future
strategy in Li battery research.

Materials and Methods
Ex situ LiF/Li electrodes and in situ LiF layer were obtained by reacting
polished Li foils with NF3 gas and cycling electrodes (bare Cu or Li foils)
in 7 M LiFSI/FEC electrolyte, respectively. Galvanostatic discharge/charge
cycles of symmetric Li–Li or asymmetric Cu–Li cells were carried out on a
battery analyzer (model: BST8MA; MTI Corporation). More details on the
materials and methods can be found in SI Appendix.
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