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ABSTRACT: Lithium metal batteries (LMB) have high energy densities and are crucial for clean energy solutions. The char-
acterization of lithium metal interphase is fundamentally and practically important but technically challenging. Taking ad-
vantage of synchrotron x-ray which has the unique capability of analyzing crystalline/amorphous phases quantitatively 
with statistical significance, we study the composition and dynamics of LMB interphase for a newly developed important 
LMB electrolyte that is based on fluorinated ether. Pair distribution function analysis revealed the sequential role of anion 
and solvent in interphase formation during cycling. The relative ratio between Li2O and LiF first increases and then de-
creases during cycling, suggesting suppressed Li2O formation in both initial and long extended cycles. Theoretical studies 
revealed that in initial cycles, this is due to the energy barrier in many-electron transfer. In long extended cycles, the anion 
decomposition product Li2O encourages solvent decomposition by facilitating solvent adsorption on Li2O which is followed 
by concurrent depletion of both. This work highlights the important role of Li2O in transitioning from anion-derived inter-
phase to a solvent-derived one.  

INTRODUCTION 

To address the clean energy imperative, it is crucial to elec-
trify our energy consumption, particularly in the transpor-
tation sector. Among potential energy storage solutions, 
lithium metal batteries (LMBs) are prominent due to their 
superior energy density, which arises from the utilization 
of lithium metal as the anode and nickel-rich transition 
metal oxide as the cathode.1 As the electrolyte is usually 
not thermodynamically stable against the electrode, an 
interphase resulting from the decomposition of electrolyte 
is formed between the electrolyte and the electrode.2 For 
LMB to have an extended cycle life, stabilization of the in-
terphase between electrodes and the electrolyte is 
critical.3, 4 The solid-electrolyte-interphase (SEI) on the 
lithium metal anode (LMA) is of particular significance.5 
Therefore, an in-depth understanding of SEI is essential to 
electrolyte design and interphase engineering. However, 
characterizing SEI is very demanding for several reasons.6, 

7 SEI typically comprises light-element compounds with 
both crystalline and amorphous constituents and is ex-
tremely sensitive to air and radiation exposure. In this 
study, we take an integrative approach, combining experi-
mental and theoretical efforts, to study lithium metal SEI in 
great depths. As demonstrated in our previous research8, 9, 
synchrotron-based high flux x-ray total scattering has sev-
eral advantages in characterizing SEI, such as minimal 

beam damage, capability to characterize both crystalline 
and amorphous components, high reproducibility across 
cells, and significant statistical relevance. In addition to 
instrumental characterization, theoretical simulation ap-
proaches offer rich information of the fundamental chemi-
cal processes that account for the SEI structures and prop-
erties.10 From the first principles, the interfacial electro-
chemistry can be resolved at atomic level, enabling the 
identification of plausible SEI components. The experiment 
and simulation methods complement each other and bring 
a cross-validated picture for the complex SEI system. 

Among the various electrolyte systems developed for LMB, 
two demonstrate exceptional potential, facilitating stable 
cycling of LMB in ampere-hour (Ah) scale pouch cells un-
der practical conditions. The first is the high concentration 
electrolyte (HCE) using lithium salt (such as lithium 
bis(fluorosulfonyl) imide, also known as LiFSI) dissolved in 
a strong solvating solvent such as 1,2-dimethoxyethane11. 
Such composition leads to a unique solvation structure 
that facilitates an anion-derived interphase which has been 
shown to be more robust and stable than the solvent-
derived interphase typical of low concentration electrolyte. 
For further optimization, diluents such as 1,1,2,2-
tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether are incor-
porated, forming localized high concentration electrolyte 
(LHCE), to effectively mitigate electrolyte viscosity, 



 

 

Figure 1. XRD and PDF of SEI from various cycles. (a) Rietveld refinement of XRD data for SEI from the 5th (left) and 160th 
(right) cycles. (b) XRD of SEI with regions of interest magnified in the inset graph. (c) The Li2O/LiF relative ratio during cy-
cles. (d) PDF patterns of SEI. The green and the blue peak correspond to amorphous and inorganic components respectively. 
(e) In-depth analysis of the PDF data together with reference patterns for both the F5DEE solvent and the LiFSI salt.

improving both wettability and transport properties.12, 13 
The second notable system is the single-solvent electrolyte 
based on fluorinated ether. A typical example is 1.2M LiFSI 
dissolved 1-(2,2-difluoroethoxy)-2-(2,2,2-
trifluoroethoxy)ethane (F5DEE), developed by Stanford’s 
group14, whose working mechanism and interphase are 
still little understood. 

Here we employ synchrotron-based scattering and spec-
troscopy techniques to investigate the SEI resulting from 
the F5DEE electrolyte. Using Rietveld refinement of X-ray 
diffraction (XRD) coupled with pair distribution function 
(PDF) analysis, we achieved a quantitative assessment of 
the crystalline components and a qualitative evaluation of 
the amorphous components within the SEI. The utilization 
of X-ray absorption spectroscopy (XAS) at both total elec-
tron yield (TEY) and partial fluorescence yield (PFY) al-
lows compositional investigation at different probing 
depths. By analyzing the SEI across various cycles, we de-
lineated its evolutionary trajectory. Coupling with the the-
oretical calculations, the decomposition mechanism of the 
F5DEE electrolyte has been thoroughly investigated. High 
consistency was observed between our experimental find-
ings and theoretical calculations. Collectively, these results 
unveil a previously unidentified mechanism for both crys-
talline and amorphous phases within SEI. The mutual in-
teractions and dynamics among these components play a 
pivotal role in determining eventual SEI composition. 

RESULTS AND DISCUSSION 

The synchrotron XRD results for the lithium metal SEI de-
rived from the F5DEE electrolyte (full cell electrochemistry 
shown in Figure S1) are presented in Figures 1a and 1b. 
The very broad bump at 2.5° is attributed to the amor-
phous components from electrolyte decomposition and its 
intensity steadily grows with continued cycling. The sharp 
peaks in the SEI XRD data can be fitted well using Rietveld 
refinement (Figure 1a, Figure S2, S3). Contributions from 
each phase to the XRD data are also presented, clarifying 
the origin of each individual peak. With the XRD data fully 
analyzed, we discuss in detail the evolution of the crystal-
line components as illustrated in Figure 1b. 

During the initial cycles, LiOH is present in the SEI owing 
to the native surface film on the LMA and the side reaction 
with the water contamination in the electrolyte. After 30 
cycles, the conversion of LiOH to Li2O on the LMA is ob-
served as discussed in our previous work9. With the in-
creasing cycle number, further reduction of FSI anion is 
observed, producing more and more LiF and Li2O, which 
are believed to be beneficial components for achieving 
lithium metal protection. Using the Rietveld refinement, 
quantitative analysis of the relative Li2O/LiF amount dur-
ing cycling is summarized in Figure 1c. The Li2O/LiF ratio 
starts with very low values and reaches the maximum after 
100 cycles followed by a gradual decrease, indicating the  



 

 

Figure 2. Oxygen, fluorine and sulfur XAS of SEI from different cycles. Reference spectra are also shown. 

 

suppressed formation of Li2O in both the initial cycles and 
the extended cycles. In contrast, LiF amount has steady 
increase during cycling. 

PDF is a total scattering technique utilizing signals from 
both Bragg scattering and diffuse scattering. Therefore, it 
can reveal information regarding both crystalline and 
amorphous components (Figure 1d). As shown in our pre-
vious work,8 the first PDF peak at around 1.5 Å is uniquely 
attributable to amorphous components which contain 
short bonds such as carbon-based C-O/F/H bonds and sul-
fur-based S-N/F/O bonds. The intensity of this peak serves 
as a convenient indicator of the abundance of amorphous 
components in the SEI. The peak around 2.0 Å corresponds 
to lithium-based Li-O/F bonds which are mostly found in 
inorganic crystalline species and therefore its intensity 
provides insight into the abundance of inorganics species 
in the SEI. Comparing the intensities of the 1.5 Å and 2.0 Å 
peaks indicates that the SEI consistently has a high content 
of amorphous components, which becomes even more 
pronounced after extended cycles. 

Both XRD and PDF confirm the high content of amorphous 
species in the SEI. To understand the origin of the amor-
phous components in the SEIs, particularly whether they 
arise from anions or solvents, a more in-depth analysis of 
the first PDF peak at 1.5 Å is performed (Figure 1e). The 
bond lengths of sulfur-based bonds are slightly longer than 
those of carbon-based bonds, a fact also reflected in the 

PDF data of both LiFSI salt and the F5DEE solvent. In the 
PDF data of initial SEI, the 1.5Å peak largely aligns with the 
first PDF peak of the LiFSI salt, suggesting that the initial 
amorphous species is primarily from anion decomposition. 
As the cycling progresses, the initial peak in the PDF shifts 
to a lower r value, indicating an increasing involvement of 
solvents in the SEI formation. This point is supported by 
distinct features around 2.2 Å and 3.6 Å. The PDF data of 
F5DEE solvent indicates that these features arise from in-
direct correlations between fluorine atoms (feature A) and 
oxygen atoms (feature B). Importantly, these characteris-
tics are not displayed by FSI anions, and the corresponding 
peaks are absent in the FSI PDF data, which suggests their 
capabilities of pinpointing the presence of solvent-derived 
species. 

Oxygen and fluorine XAS (in TEY mode) were measured to 
obtain more insights about SEI composition and its evolu-
tion. As confirmed by XRD (Figure S4) results, there is no 
crystalline LiFSI residue on the cycled Li anode. The oxy-
gen, fluorine and sulfur signals mainly originate from FSI 
decomposition products. Compared to the pristine LMA 
(Figure S5), the oxygen XAS peak shape changes after cy-
cling, indicating the electrolyte-derived oxygen-containing 
species formation in the SEI. At the 30th cycle, oxygen TEY 
XAS (Figure 2) in general resembles that of the LiFSI salt 
XAS spectrum, with a notable exception being the 531.5 eV 
peak, is probably attributed to the decomposition of FSI  



 

 

Figure 3. Solvation and adsorption energetics of LiFSI and F5DEE decomposition fragments (see SI for calculation details).  

 

Figure 4. F5DEE defluorination on Li2O surface (a) mechanism and (b) energy profile analyzed based on NEB calculations. 

during which S-N/O bonds cleavage, redistributing the 
electrons and eliminating XAS peaks corresponding to the 
original bonds. The TEY XAS data at this stage indicates a 
minimal presence of Li2O in the top surface of SEI. After 
100 cycles, a distinct peak emerges around 533 eV in the 
oxygen TEY XAS spectrum, which is indicative of Li2O for-
mation.15 This observation aligns well with earlier XRD 
findings. Besides the Li2O, the notable peak at 537eV after 
30 and 100 cycles suggests the presence of large amount of 
FSI-derived oxygen-containing amorphous species. 

In the fluorine K-edge results (Figure 2), the most pro-
nounced peak for LiF situates at approximately 692.5 eV, 
while for LiFSI, it's around 691 eV. This variation serves as 
a qualitative measure to determine the relative abundance 
of LiF and FSI-derived amorphous entities. At the 30th cy-
cle, fluorine TEY XAS has very strong peak at around 691 
eV, indicating FSI-derived amorphous components in large 
quantities. At the 100th cycle, fluorine TEY XAS changes 

significantly, with the 692.5 eV peak becoming dominant 
and the overall spectrum is almost the same as that of the 
LiF reference spectrum, suggesting further LiF accumula-
tion owing to the further FSI anion reduction during the 
electrochemical cycling. XAS measurement in PFY mode 
was also performed, offering insights more representative 
of the bulk SEI compared to the TEY mode. The result is 
shown in Figure S6, suggesting there are a large amount of 
FSI-derived species in the SEI, in agreement with the 
XRD/PDF results. 

Sulfur K-edge XAS result describes the salt/anion decom-
position products in the SEI. The results were measured at 
PFY mode, its peak intensity represents the chemical spe-
cies concentration within the interphase. In Figure 2, the 
higher peak intensity after 100-cycle suggests the anion 
decomposition products accumulation. After FSI decompo-
sition, changes of sulfur coordination environment result 
in distinct changes in sulfur XAS peak shape and position, 



 

 

Figure 5. Illustration of the SEI evolution in F5DEE electrolyte. The primary findings from both the experimental observa-
tions and calculations are presented, revealing notable consistency between the two. 

 differing from those observed with LiFSI salt. Further-
more, the sulfur species in the interphase kept evolving 
during the electrochemical cycling, as suggested by the 
peak growth at the lower energy region (below 2480 eV). 
Specifically, sulfonyl species dominate after 30 cycles, 
while more reduced sulfur components, such as trace 
amount of Li2S emerge after 100 cycles, suggesting the 
further reduction of FSI- on the anode surface.16 

To elucidate SEI formation from F5DEE electrolyte decom-
position, atomistic models were used to investigate inter-
facial electrochemistry. Ab initio molecular dynamics 
(AIMD) simulations showed spontaneous dissociation of 
F5DEE and LiFSI on Li(100) surfaces, with electronegative 
atoms (O and F) coordinating with Li+. Bader charge analy-
sis revealed continuous electron transfer from Li metal to 
lithiated F5DEE and LiFSI without high-spin state interme-
diates. We term these events “lithium-ion-coupled electron 
transfer” (LICET). 

F5DEE reacts with Li metal without external potential, 
altering its electronic structure upon reduction, with spin 
density mainly on the CHF2-side (Figure S7), leading to a 
high priority of defluorination and C-O cleavage on the 
same side of the structure. Within the time scale probed in 
AIMD, F5DEE transforms into the LiF, negatively charged 
C2H3- and CF3CH2OCH2CH2O- structures. This reaction be-
tween Li and F5DEE is also confirmed by X-ray photoelec-
tron spectroscopy (XPS) results (Figure S8), generating LiF 
and C-F species after soaking Li foil in F5DEE. The dielec-
tric constant (ε) of pure F5DEE was measured to be 11.02. 
Considering that the dielectric constant is negatively corre-
lated with the salt concentration in practical electrolyte 
systems,17 we computed the LICET free energy profiles at ε 
= 4.24 and 10.13 as Figure S9 demonstrates. The energy 
surfaces show similar patterns in these two conditions, 
and each step is only controlled by electron transfer with-
out outstanding energy barriers. 

Different solvation shells form via Li-O/F coordination in 
F5DEE and LiFSI. The Li-O semi-covalent bonding is signif-
icantly more stable than Li-F coordination. F5DEE can easi-
ly form chelating bonds with Li+ either singly or dually in 
joint with FSI- (Figure S10a). Meanwhile, the joint chela-
tion among F5DEE, Li+ and FSI- is prominently stronger 
than that in FSI- or F5DEE- only cases. This suggests that 
the solvation shell in liquid electrolyte should be primarily 
composed of FSI-Li-F5DEE clusters (contact ion pairs). In 
the meantime, FSI- bond cleavage priorities during the re-
duction-induced fragmentation are found to be dependent 
on the solvation structure. Defluorination (S-F cleavage) 
has higher thermodynamic priority than N-S cleavage 
without solvent engagement, while the opposite scenario 
takes place when Li+ is coordinated with F5DEE (see Fig-
ure S10b for details). The intermediates and pathways 
after the S-N/F breaking steps are highly overlapped. 
Comparing the free energy profiles of F5DEE and LiFSI 
(Figure S11), each step of the LICET-induced dissociation 
of LiFSI is more thermodynamically favorable than F5DEE, 
meaning LiFSI has higher decomposition kinetics in com-
petitive conditions. This also agrees well with the experi-
mental finding that the LiFSI degradation product was 
identified in the initial cycles due to fast salt decomposi-
tion, and the increase of F5DEE fragment signals in longer 
runs due to the higher population abundance in electrolyte 
and gradual dissociation kinetics. 

AIMD revealed coexisting pathways led by N-S breaking 
and S-F breaking in LiFSI degradation, which agrees with 
the even and symmetric distribution of high-spin electron-
ic density in the reduced LiFSI- structure. Here we ana-
lyzed the FSI- degradation based on the AIMD trajectories 
at the B3LYP/aug-cc-pVDZ level of theory. In contrast to 
the LiPF6 case,18 the LiFSI decomposition is less favorable 
in higher dielectric environment as Figure S11 indicates. 
Similar to F5DEE, all LICET steps in LiFSI dissociation are 



 

highly spontaneous. Within the 1 ps of AIMD simulation, 
FSI- fully decompose into single-atomic fragments includ-
ing O2-, S2-, F-, and the only fragment that maintains inter-
nal chemical bonding is [S-N]3- which was detected togeth-
er with Li3N signals in the XPS of SEI19. In addition, 
Camacho-Forero et al captured the N3- formation from 
AIMD with a longer simulation time length20. According to 
the N-S bond scan in Li3[NS] and Li5[NS] clusters (Figure 
S12), while the last LICET step of FSI- degradation in gen-
erating Li3N and Li2S is thermodynamically favorable, the 
kinetics are still primarily controlled by the reductive Li 
availability. This may explain why only trace amount of 
Li2S and little if any Li3N are detected in the experimental 
results (Figure S13). Li2CO3, a common component of the 
SEI in carbonate electrolyte, was not detected in the SEI of 
F5DEE. The first-principle simulations also found no evi-
dence associated with carbonate formation pathway. This 
may not be surprising as the formation of Li2CO3 requires 
oxidation of ethereal C-O bond, a reaction that is challeng-
ing to achieve in the reducing environment present at a 
lithium metal anode. 

Both F5DEE and LiFSI initially produce LiF as a major deg-
radation product in early interfacial degradation stages. 
Full LiFSI degradation yields more Li2O than LiF. Under-
standing the fragment preferences for adsorption versus 
dissolution is vital to speculate the SEI composition. Here 
we compared solvation and adsorption energetics of the 
LiFSI and F5DEE degradation fragments (Figure 3). In gen-
eral, especially for short-length fragments, explicit solvent-
fragment interactions make solvation more competitive 
than adsorbing to the LiF crystalline surface. The fragment 
adsorption on Li2O is predominantly more favorable than 
all other dissolution and adsorption events, including the 
Li2O growth (Li2O adsorption to Li2O surface). The major 
F5DEE fragmentation species also has such adsorption and 
solvation patterns, suggesting the potential organic com-
ponents in SEI. Based on the prominent favorability of ad-
sorption on Li2O, an amorphous SEI morphology with 
stacked Li2O-fragment-Li2O structures is plausible. Further 
SEI structural elucidation could benefit from three-
dimensional kinetic Monte Carlo simulations. 

As discussed, fragment adsorption to Li2O surface is more 
favorable than dissolution. However, AIMD simulation in-
dicates that F5DEE molecule can easily react with Li2O and 
fluorinate the SEI surface as Figure 4 and Figure S14 
demonstrate. The Bader charge analysis confirms that such 
interfacial F5DEE-Li2O reaction does not involve external 
charge flow.21, 22 Nudged elastic band (NEB) theory calcula-
tions reveal a low energy barrier of 0.364 eV. In addition to 
yielding LiOH in SEI, this secondary SEI surface fluorina-
tion can lead to many consequences, including 1) elimina-
tion of Li2O on SEI-electrolyte interface; 2) easy dissolution 
of LiFSI decomposition fragment and less diverse species 
distribution in SEI; 3) amorphous morphology of LiF-Li2O-
LiOH stacking in SEI. 

To further analyze the transition from LiOH to Li2O at Li-
OH-Li boundaries, as suggested from our previous work9, 
we performed an AIMD simulation as depicted in Figure 
S15. No O-H cleavage occurred in the 107 ps simulation 
time at the LiOH-Li grain boundary, suggesting even more 
rigorous reaction requirements. According to the NEB cal-

culations, despite that the overall thermodynamic favora-
bility, the O-H cleavage requires an energy barrier of 5.41 
eV on the Li(100) surface, and 5.30 eV on Li(110) surface 
(see Figure S16 for complete energy profiles). This sug-
gests LiOH to Li2O conversion is kinetically slow, in agree-
ment with previous literature report.23 The 4.4 V external 
potential during charging process facilitates overcoming 
such a high energy barrier under the cell working temper-
atures. The relatively slow convoluted conversion from 
LiOH to Li2O and LiH is thus quantitively analyzed from the 
atomistic perspectives. 

It should be noted that the amount of LiH also changes 
throughout battery cycling. Initially, LiH is primarily gen-
erated due to water contamination in the electrolyte and 
the presence of native LiOH on pristine Li foil. As battery 
cycling progresses, LiFSI decomposes first, leading to the 
formation of LiF and Li2O, resulting in a decrease in the 
relative LiH amount. Further cycling leads to solvent de-
composition and consequent LiH generation. The relative 
LiH percentage increases accordingly. In sum, the relative 
LiH content initially decreases and then increases, corre-
lating with the sequence of solvent and salt decomposition. 

CONCLUSIONS 

In summary, we employed joint experimental and theoret-
ical studies to reveal the SEI formation and evolution in 
F5DEE electrolyte. XRD offers quantitative insights into the 
crystalline inorganics present in the SEI, whereas PDF aids 
in distinguishing between amorphous solvent-derived or-
ganics and salt-derived inorganics. Furthermore, soft XAS 
enables the identification of chemical species, particularly 
amorphous components, and also provides information 
about trace SEI components. The integration of these tech-
niques provides a comprehensive understanding of SEI 
composition. A schematic of the evolution of LMB SEI in 
F5DEE electrolyte is summarized and illustrated in Figure 
5. Initially, the SEI is composed of native surface film, its 
derivatives and species resulting from anion decomposi-
tion. Salt defluorination promotes LiF formation. While the 
minor quantity of Li2O could be attributed to the complex 
electron transfer process during anion reduction. The ex-
clusive participation of anion decomposition in SEI for-
mation also eliminates the possibility of forming reduced 
gaseous species such as ethylene at early stages of electro-
chemical cycling. After extended cycles, the SEI formed in 
previous cycles are further reduced, increasing Li2O and 
LiF amount, and generating more reduced sulfur species. 
Theoretical calculations show that it is energetically favor-
able for F5DEE solvents to be adsorbed on Li2O. The sol-
vent and Li2O further react to form LiF and solvent-derived 
molecular species. Such unique mechanism explains the 
observed dominance of LiF within the crystalline compo-
nents of long-cycled SEI, while the amount of Li2O remains 
relatively small. Meanwhile, it clarifies the evolution of 
amorphous components, that the amorphous phase initial-
ly dominated by FSI decomposition has increased solvent 
contributions during long-term cycling. Our joint experi-
mental and computational studies reveal the dynamic rela-
tionship among SEI components and how that plays a piv-
otal role in guiding the evolutional trajectory of SEI. Nota-
bly, the synergistic alignment of experimental and theoret-
ical insights offers unparalleled depth into the SEI for-



 

mation mechanism, a depth that would be elusive if pur-
sued individually. 
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