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The solid—-electrolyte interphase (SEI) critically governs the performance of
rechargeablebatteries. Anideal SElis expected to be electrically insulative
to prevent persistently parasitic reactions between the electrode and the
electrolyte andionically conductive to facilitate Faradaic reactions of

the electrode. However, the true nature of the electrical properties of the
SEl remains hitherto unclear due to the lack of a direct characterization
method. Here we use in situ bias transmission electron microscopy to
directly measure the electrical properties of SEls formed on copper and
lithium substrates. We reveal that SEls show a voltage-dependent differential
conductance. A higher rate of differential conductance induces a thicker
SElwith anintricate topographic feature, leading to aninferior Coulombic
efficiency and cycling stability in Li]|Cu and Li||LiNi, sMn, ;Co,,0, cells.

Our work provides insight into the targeted design of the SEl with desired
characteristics towards better battery performance.

Functioning of arechargeable battery depends on the synergy of three
major components in the cell: anode, electrolyte and cathode. The
electrolyte, in either solid state or liquid state, is sandwiched between
the cathode and the anode to facilitate ion transport' . The interface
betweenelectrolyte and electrode is not atomically sharp; instead, elec-
trontransfer acrosstheinterfaceleads to the formation of aninterpha-
siallayer, which is termed asolid-electrolyte interphase (SEI) layer™*”".
The characteristics of the SEl layer, including chemical, structural,
morphological and mechanical properties**°, determine a series of
key properties of rechargeable batteries, such as active ioninventory,
cyclelife, rate capability and temperature-dependent performance of

arechargeable battery>*>'"'>, For better battery performances, the SEI
isexpectedto possess threeideal characteristics: electrically insulative,
ionically conductive and constant thickness>®. These three characteris-
ticsareinteractively correlated. Typically, the SEl thickness is controlled
bytheelectrical properties of the SEL. The thickness of the SEl continu-
ously increases during charge-discharge cycling and shelf storage,
indicating that the SEl does not behave as an electrical insulator "2,
Electronic structure calculations indicate that certain SElcomponents
and their grain boundaries, in contrast with their crystalline counter-
parts, are prone to electron leakage through the SEl layer 8, leading
to continued SEl thickening. A thick SElincreases the ion conduction
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length and consequently the ionic resistance, deteriorating the kinetic
properties of batteries™'*"*, Inaddition, the SEIgrowth also consumes
activeionsand electrolytesinthe batteries, leading to capacity decay,
short cycle life and calendar life of the batteries. Although different
mechanisms based on mathematical and theoretical models have been
proposed to account for the electron leakage behaviour of the SEl and
consequently to explain the continuous growth of the SEI*****> such
as solvent diffusion®*?, electron conduction?>?*%, electron tunnel-
ling” and Li-interstitial diffusion?, the transport mechanism behind
these phenomenais still under debate and not identified directly by
experiment.

Despite the criticalimportance of the electrical properties of the
SEI, quantitative measurement of this parameter remains unsolved
duetothelackofaproperandreliable method. The four-point Hebb-
Wagner polarization and electrochemical impedance spectroscopy
methods for mixed ionic-electronic conductors cannot be readily
applied to quantify the electrical conductivity of the SEI**°, because
the SElis not only highly air sensitive but also very thin, whichis beyond
the high spatial resolution of the method. Scanning probe microscopy
inside a glovebox or scanning electron microscopy could solve the
air-sensitive issue®*?. However, the scanning probe method is based
onthe principle of touching the top surface of the sample, without any
information from the top surface to the counter electrode. Adhering
to the nature of this limitation, the thickness of the SEI layer at the
measuring site cannot be in situ measured. Consequently, it is hard
to directly correlate the microstructure and chemical information of
the SEI with the measured resistivity. In spite of the lack of concrete
experimental evidence, it is widely assumed that an SEl layer behaves
as an insulator, as such an assumption helps to interpret, to some
degree, the electrochemical performances of rechargeable batteries®.
Inessence, for all types of cell chemistry that are enabled by the SEI, the
electrical and ionic properties of the SEI remain the most challenging
mystery, leading to a range of behaviours of rechargeable batteries
being uninterpreted.

In this Article, we describe an in situ bias transmission electron
microscopy (TEM) approachto directly measure the electrical proper-
ties of SEl layers grown on copper (Cu) and lithium (Li) substrates,
revealing the electrical characteristics of the SEl in terms of current
(N-voltage (V) relationship, differential conductance, critical field
strength and bandgap. We unveil that the /-V characteristics of SEls
resemble certainelectrical conductance, rather thanelectrical insula-
torsasassumed inmost studies. The SElwith a higher rate differential
conductance tends to exhibit a greater thickness and more complex
topographic features, consequently leading to an inferior electro-
chemical performance. The work highlights the governing role of elec-
trical properties of the SEl layer and their tuning towards the enhanced
performance of an electrochemical cell.

Electrical properties of SEI layer and battery
performance

Weintegrated in situ TEM with scanning tunnelling microscopy (STM)
technique to measure the electrical properties of SEIs on Cu and Li,
asillustrated in Fig. 1 and detailed in Supplementary Methods and
Supplementary Figs.1-7. ASTM tungsten (W) nanoprobe with atomi-
cally clean surface was used as the counter electrode (Supplementary
Fig. 3), which was manipulated by the piezo system with three-axis
nanometre-scale control. Asion-blocking Cuand W electrodes are used,
the measured /-V data directly reflect the electron transport behaviour
of the SEI. It should be noted that this measurement with two blocking
electrodes does not exactly resemble areal Wagner-Hebb polarization
measurement but rather provides anupper limit value of the electrical
conductivity®®****, Asthe SElis very sensitive to electronbeam® %, we
performed the /-V measurements at very low magnification of elec-
tron dose rate of 1e” A2 s to avoid electron-beam-induced damage
to the SEl and did /-V curve measurement calibration to make sure
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Fig.1|Insitubias TEM measurement of electrical properties of the SEI.

a, Schematic of experiment set-up. b. Low-magnification TEM image showing
insitu bias set-up of W tip and Cu wire inside TEM. ¢, High-magnification TEM
image showing contact between W tip and Cu wire with the SElon the Cu.d, TEM
image showing Li deposit with the surface SEl layer using Cu wire as electrode.

e, Typical /-V curves showing the critical voltage. Scale bars, 50 pmin (c) and
100 nmin (b,d).

the experimental results are repeatable and credible (Supplementary
Figs. 8-14 and Supplementary Notes 1-3). Besides, we built Li-elec-
trolyteinterface models (Fig. 2a) toinvestigate the SEl structure using
hybridabinitio molecular dynamics (AIMD) simulation (Fig.2b) and sub-
sequently calculate theelectrontransportinthe SElinterms of /I-Vcurve
(Fig. 2¢). To systematically study different SEls, Li bis(fluorosulfonyl)
imide (LiFSI) and 1,2-dimethoxyethane (DME) were chosen to make four
electrolytes with designed microscopic solvation structures®*°: (1) a
low-concentration electrolyte (LCE) comprised of 1 M LiFSIin DME with
amolarratio of 1:9; (2) ahigh-concentration electrolyte (HCE) of LiFSI
and DME with amolar ratio of 1:1.2; (3) alocalized high-concentration
electrolyte (LHCE) formed by adding bis(2,2,2-trifluoroethyl) ether
(BTFE) diluent into the HCE to yield LiFSI-DME-BTFE =1:1.2:3 by mole
(LHCE-BTFE); and (4) an LHCE with bis(2,2,2-trifluoroethyl) ether
carbonate (BTFEC):LiFSI-DME-BTFEC =1.0:1.2:3.0 by mole (PLHCE, as
free DME molecules are not closely coordinated with Li* and making
ita pseudo-LHCE*’) (Supplementary Tables1and 2).

The/-Vcurves of SEls formed on Cu and Li with the four different
electrolytes are shown in Fig. 3. Due to the very thin nature of the SEI
(nanoscale), before deciphering the physical meaning of the meas-
ured /-V curves of the SEls, we calibrated the measurement of the /-V
curves with known materials at nanoscale as a standard. Therefore,
we measured the /-V curves of SiO, as a typical insulator and TiO, as a
semiconductor. As shown in Fig. 3a, even at nanoscale, the /-V curve
of SiO, shows typical features of an insulator, while that of TiO, is a
semiconductor. Itis ratherapparent that the /-V curves of SEIsonboth
Cuand Liare similar to that of TiO, but distinctively different from that
of Si0,, revealing that the electrical properties of SEIs resemble that
of asemiconductor. As detailed in Methods and Supplementary Figs.
29-38, based on the results of AIMD simulation of SEI formation and
the calculated electronic structure of these four electrolytes, we calcu-
lated /-V curve of the SEIl on Li metal using the Generalized Electron
Nano-Interface Program (GENIP)"**', The calculated /- V curves (Fig. 3d)
exhibit similar characteristics and trends to those of experimentally
captured ones.

Two characteristic parameters can be extracted from the /-V
curvestoquantitatively interpret the /-Vcurves. Oneis the differential
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Fig.2|Simulation of the SEl structure and subsequent calculation of
I-Vcurve. a, Simulation cell with different E/A ratio. b, Final states of the SEI
formed by reaction between electrolyte and Li metal with different E/A ratio
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calculation set-up of simulated SEl via ab initio DFT with a Green’s function
approach. ¢, voltage.

conductance, d//dV, which is plotted as a function of applied volt-
age, V(Fig. 3e-h). Another one is the critical field strength for the
breakdown of the SEI. The differential conductance of all samples
unanimously shows a linear relationship with the applied voltage.
However, the slopes of the linear relationship, which can be termed as
therate of differential conductance, are notably different for different
samples. It would be expected that for an insulator, such as SiO,, the
d//dV - Vshould have a slope of close to zero, which is consistently
supported by what we have measured (SiO,: 6.06 x107% S V™). For
a semiconductor such as TiO,, the d//dV - V plot exhibits a positive
slope (2.19 x1078S V). The differential conductance (d//d V) of all SEls
on both Cu and Li shows linear positive correlations to the applied
voltage, while the values of slopes follow a decreasing order from LCE
(3.86x107SV?'and 2.72x107S V™) to PLHCE (1.22x107SV*and
2.26x107S V™), HCE (8.93x108SV'and 2.53 x10®S V™) and LHCE
(7.67x108SV?'and 1.48 x 10 S V), where the values in the paren-
theses correspondtothe slopes of d//dV - Von CuandLi, respectively.
Because the differential conductance represents the electron density
of state at the local position of the SEI, the positive linear relationship
between d//dV and voltage indicates that the electrical conductance
increases with increasing voltage, implying that the formation of the
SElduringbattery cycling shows dependence on the voltage difference
betweentheelectrode/SElinterface and the SEl/electrolyte interface.
The larger the rate of the differential conductance against voltage is,
the stronger the SEl responds to the voltage increase. Asillustrated in
Fig.3f,g, regardless of the type of substrate (Cu or Li), the SEls formed
by LHCE and HCE electrolytes show a much lower rate of differential
conductance thanthose by PLHCE and LCE electrolytes. Thed//dV -V
plot derived from the calculated /-V curve (Fig. 3h) corroborates
our experimental results. It should be noted that to account for the
SEl thickness effect, we draw the differential conductance, d//dV,
as a function of the electrical field strength (voltage divided by the
thickness of the SEI) by which the SEI thickness effect is normalized
as detailed in the Supplementary Note 4. As shown in Supplementary
Fig.15c, the electrical differential conductance against the electrical
field strength shows asimilar trend of variation for the case of d//dVas
afunction of V(Supplementary Fig. 15b).

With increasing the voltage, the current increases parabolically;
andtoacritical voltage, the current reaches a critical value that exceeds
the maximum value of the instrument (Fig. 3). When applying constant
voltage above the critical voltage, the current keeps saturated, indicat-
ing the transition from semiconductor to conductor is irreversible
(SupplementaryFig. 7). Critical field strength is defined as the critical
voltage divided by the sample thickness. The critical field strengths
of the SEls for the four electrolytes are different, which correlate
positively with the slopes of the d//dV - Vplots as depicted in Fig. 3f,g.

Thecritical field strength of the SEl formed in LHCE is larger than those
of SEls formed in LCE and PLHCE, indicating the SEI formed in LHCE
is much stable against increasing voltage as compared with those
formed in other three electrolytes.

To demonstrate the direct correlation between the SEI electri-
cal property and battery performance, the electrochemical perfor-
mances in terms of Coulombic efficiency (CE) and cycle life of those
four electrolytes were evaluated in Li||Cu cells and Li||LiNi, gMn, ;C0,,0,
(NMCS811) batteries. As shown in Fig. 3i,j, the first cycle CEs of Li||Cu
cells and the stable cycle numbers of Li[[NMC811 cells have the
following orders: LHCE > HCE > PLHCE > LCE (Supplementary Table 3).
Overall, an increased differential conductance of the SEI correlates
to adecreased Li CE and battery cycling stability (Fig. 3i,j), indicat-
ing the governing role of the SEl electrical property on the battery
performance.

Correlation of Li morphology with SEI
characteristics
Consistent with the above electrochemical property differencesamong
these four electrolytes is the noticeable difference of morphological
features of both the SEland the deposited Li. The deposited Liin these
four electrolytes exhibits crystalline structure and granular morphol-
ogy (Supplementary Figs.16 and 17). However, the particle size distri-
butions and topographic features vary obviously. Figure 4a shows the
morphologies of the deposited Li particles using high angle annular
dark field imaging (HAADF) in scanning transmission electron micro-
scope (STEM) by which the image intensity is proportional to the square
of atomic number of the sample. The elemental compositions of the
SEl, suchas O, C,F,Sand N, each have a larger atomic number than
Li, leading to a large contrast between the SEl and Li, therefore lend-
ing the convenience of delineating the spatial distribution of the SEI.
On the basis of the SEI configuration maps (Fig. 4b) derived from the
STEM-HAADF images (Fig. 4a), it can be seen that the SEIwith a high rate
of differential conductance corresponds witha high SEL:Li metal ratio.
Three-dimensional (3D) visualization of Li deposits (Supplemen-
tary Video 1) yields details of Li topography. It is evident that for the
SElwith a high rate of differential conductance and a low critical field
strength, as representatively shown for the case of LCE (Fig. 4c), the
deposited Li particles exhibit a wide size distribution, alarge fraction
of isolated small particles (possible ‘dead’ Li) and a high topographical
tortuosity, leading to the high specific surface area of the SEI. In con-
trast, for the SEIwith alow rate of differential conductance and a high
critical field strength, as represented by the case of LHCE (Fig. 4¢),
the deposited Li particles are large, uniformly distributed and topo-
graphically smooth, leading to a low specific surface area of the SEI
and less ‘dead’Li.
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Fig.3|Electrical properties of SEl and electrochemical cell performances. Li (h). The slope of the d//dV against Vin d-fis termed as rate of differential
a, -V curves of SiO, insulator and TiO, semiconductor. Error bars ares.d.; conductance. i, CE of Li||Cu cells. Left inset: CE curve at higher magnification of
n=10.b,/-Vcurves of the SEl formed on Cu. ¢, /-Vcurves of the SEl formed on Li theinitial 20 h. Right inset: CE curve at higher magnification from40 hto 50 h.
deposits. Error barsares.d.; n=10.d, Calculated /- V curve based on sample cell Average CEs are from ten cycles. j, Long-term cycling stability of Li|[NMC811
(E/Aratiois 2.79, simulation time is 253 ps). e-h, Differential conductance, d//dV cellsin LCE, PLHCE, HCE and LHCE electrolytes. Error bars in (a-c) show the
as function of V, derived from the /-V curves, with the critical voltage indicated, reproducibility of measured /-V curves.

forSi0,and TiO, (e), for SEl on Cu (f), for SEl on Li (g) and for calculated SEl on
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Fig. 4 | Dependence of microstructure of Li deposits on rate of differential
conductance. a, Low-magnification cryo-STEM-HAADF images of Li deposits
formed in LCE, PLHCE, HCE and LHCE; grey and blue bars indicate the area
fraction of Li and SEI, respectively. b, SEl-layer configuration maps derived from
the STEM-HAADF images. Insets: high-resolution TEM images of Li deposits.

¢, Three-dimensional reconstruction of Li deposits. d, d//dV - Vcurves of the SEI
onLiformedinthose four electrolytes, where the slope of d//dVas a function of

Vis termed as rate of differential conductance. Scale bars, 5 pmin (a,c) and 5nm
(insetinb).

Thickening of the SElis a self-limiting process, which is governed
by the electronleakage behaviour of the on-growing SEI. Our observa-
tions clearly indicate the SEIs formed on Cu (Supplementary Fig. 18)
and Li (Fig. 5a) exhibitasimilar trend of increasing thickness with a high
rate of differential conductance and low critical field strength of the SEI
(Fig.5b). The SEIformed in LCE has the highest rate of differential con-
ductance and the lowest critical field strength, whichis corresponded
with an SEl thickness of -35 nm. The SEl formed in LHCE has the lowest
rate of differential conductance and the highest critical field strength,
correspondingto an SEl thickness of merely 7.5 nm.

Aimingto gainfurtherinsightinto the origin of different electrical
properties of different SEls, the compositions of SEls formed on Cu and
Li were analysed by cryo-TEM, energy-dispersive X-ray spectroscopy,
electron energy-loss spectroscopy (EELS) and X-ray photoelectron
spectroscopy (XPS), as shown in Supplementary Figs. 19-28. Chemi-
cally, the SElis composed of Li as the sole cation, whichis balanced by
the anions comprised of oxygen (0), sulfur (S), carbon (C), fluorine
(F) and nitrogen (N). The SEI with a high O:S ratio tends to exhibit a
high rate of differential conductance and a low critical field strength,
whereas the SEI with a low O:S ratio leads to a low rate of differential
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a, Atomic structure of SEl layers on the Li deposits formed in LCE, PLHCE, HCE
and LHCE. Scale bars, 5nm. b, SEl thickness as a function of the critical field
strength of the SEl on Cu and Li, indicating the SEl layer thickness decreases with
increasing critical field strength. ¢, Measured bandgap of the SEl layer on Li for

different electrolytes, demonstrating bandgap decrease from the SEl surface

towards Liinterface. The stars represent individual data points, and the circle

signifies the mean. d, Snapshots of samples for four electrolytes reacting with
Limetalin/-Vcurve calculations (E/Aratiois 2.79; simulation time is 253 ps).

conductance and a high critical field strength. The O:S ratios of the
SEls on Cu and Li follow the order from high to low as LCE (4.91 and
19.81) > PLHCE (2.90 and 7.71) > HCE (0.92 and 1.58) > LHCE (0.78 and
0.69), where the valuesin the parentheses correspond to the O:S ratios
of SEls on Cu and Li, respectively. These values exactly follow the ten-
dencies of gradually decreased rate of differential conductance and
increased critical field strength (Supplementary Fig. 23). The varia-
tion of O:S ratio represents the relative contribution of the solvent
and salt anion derived components of the SEl in these electrolytes
as discussed in detail in the Supplementary Note 5. This observation

clearly demonstrates that salt derived component in the SEl leads to
low electrical conductance, while the SEI component derived from
solventyields high electrical conductance.

Molecular insight into electrical properties of SEI

Todelineate the critical factors, in particular molecular-level informa-
tion that controls the electrical properties of the SEI, we built Li-elec-
trolyte interface models to investigate the SEl structure using hybrid
AIMD-based simulation (Supplementary Figs.29-39, Supplementary
Tables4-8 and Supplementary Notes 6-7) and subsequently calculated
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theelectrontransportin termsof /-Vcurve asrepresentatively shown
inFig. 5d for the sampling SEl used for the /-V curve calculation. The
concentrations of the various species in the SEl derived based on hybrid
AIMD generally agree with the XPS data (Supplementary Table 9). We
found that SEIs formed in LCE and PLHCE, which exhibit high electrical
conductance (Fig. 3), show greater proportion of organic to inorganic
phase as signified by a higher C content (Supplementary Fig. 39), indi-
cating the dominance of solvent-derived SEl components as what we
have experimentally observed. The high proportion of organic compo-
nentsinthe SElwilllead to large porosity of the SEI, presence of charged
molecular fragments or organic radical species due to incomplete
molecular reduction and existence of large amount of dissolved Liions,
which may lead to formation of ‘dead’ Li as observed experimentally
(Fig. 4c). All these collectively contribute to the electron leakage. It
should be noticed that the lower concentration of sulfate products
in the calculated the SEI, as contrasted with that captured from XPS,
energy-dispersive X-ray spectroscopy and EELS, is attributed to the fast
reactionrate between FSI” and Limetal and the difference between the
electrolyte toanode (E/A) ratio, whichmay be lower in the simulations
thaninthe experiment*. Indeed, we carried out additional simulation
with high E/A ratio (Supplementary Figs. 34-36), which demonstrates
increased sulfate products, and the calculated /-Vshows similar trend
(Supplementary Fig.37b).

Bandgapis aparameter toreflect electron transition fromvalance
to conduction band, which correlates with the electron tunnelling
barrier of the SEI'*", To better understand the electrical properties
of the SEI, we measured the bandgaps of the SEl using EELS (Supple-
mentary Fig. 40)*>**. The bandgap of the SEl on Li deposit shows two
obvious features (Fig. 5¢c). First, the average bandgap of SEls follows the
increasing order as LCE (1.63 + 0.12 eV) < PLHCE (1.86 + 0.13 eV) <HCE
(2.03+0.19 eV) < LHCE (2.35 + 0.14 eV), which corresponds well to
the orders of increasing critical field strength and decreasing rate of
differential conductance. Second, the bandgaps of SEls in these four
electrolytes show spatial variance from outer to inner SEl with excep-
tion of LHCE showing nearly a constant bandgap value across the SEL. It
isapparent that the spatial change of bandgap across the SEl thickness
direction correlates with the chemical composition variations of the
SEI. As shown in Supplementary Fig. 24, the SEl formed in HCE shows
adistinctive bilayer structure, where the outer layer has high F inten-
sity, while O distributes near the Li deposit and very few C distributes
on the surface of the SEIL. The composition difference across the SEI
indicates the difference of the electronic environment between the
outer layer and the inner layer, hence the difference in the bandgap.
The O-rich nature in SElIs consistently accounts for the formation of
Li,O particles in the SEls in LCE, PLHCE and HCE, while SEIs formed in
HCE and LHCE contain S-based components. On the basis of bandgap
calculation of SElcomponents asshownin Supplementary Fig. 41 and
previous studies”'®***¢ it has been indicated that the electron leakage
resistance of amorphous Li,S (3.07 eV) is higher than that of Li,0 (2.2 eV)
(ref.46).Furthermore, grain boundaries of inorganic compounds have
been predicted to enhance electron tunnelling in the SEI'”*%, It should
benoted that the classic model of the SElis composed of aninner layer
of inorganicand an outer layer of organic’, which, in terms of electrical
properties, correspond to atandem structure. Apparently, it would be
expected that theinner layer of inorganic will be the determining layer
ontheelectrical properties. However, giventhe fact that the inner layer
ofthe SElis acomposite structure with crystalline particles dispersedin
theamorphousmatrix (including organicandinorganicspecies) (Fig. 5a
and Supplementary Fig. 19), the electron leakage characteristic will
be determined by the continuous amorphous matrix, rather than the
dispersed crystalline particles.

Discussion
Anideal SEl is highly ionically conductive but electrically insulative.
Our direct measurement of the electrical properties of the SEl reveals

the electrical behaviours of SEls formed in four typical electrolytes.
Contrary towhat has been conventionally assumed, SElIs do notact as
perfectelectricalinsulators. Instead, they show non-negligible electri-
cal conductance, which governs the SEIformationand Li deposition and
consequently affects battery performance. A higher electrical conduct-
ance of the SEl could facilitate electron transport inside the SEI, espe-
cially at the initial stage of SEI formation, leading to the reduction of Li*
inthe SEland the formation of metallic Liinside the SEI (Supplementary
Fig.42). Thisreduced Liisisolated by the SEI, leading to the formation
of‘dead’ Liand moss Li*"*%. The ‘dead’ Liand repeated formation of the
SEl give rise to low CE, accounting for why Li CE is much lower in LCE
and PLHCE (Fig. 3i). The SEl with high electrical conductance and low
critical field strength is more susceptible to local electric field varia-
tion, such as that induced by protuberances of Cu surface. If the local
electricfield strengthis higher than the critical field strength of the SEI,
localized high electrical conductionwilllead tolocalized Li* reduction
with oronthe surface of the SEland/or localized thickening of the SEI.
Theelectrical behaviours of the SEI, including electrical conductance
and critical field strength, account for their surface uniformity and
topographical features.

Nucleation and growth of the SEl are mainly based on the electron
tunnelling model, consisting of reduction products of electrolytes
formed through the reactions between the electrode and the elec-
trolyte* 2144950 Associated with the critical thickness for electron
tunnelling, the growth of the SEIwould be expected to be self-limiting
toathickness of 2-3 nm (refs. 14,45), which is apparently far deviated
from experimentally determined values of ranging from 6 nmto 50 nm
(refs. 35,36,38,51,52). The mechanism for further growth beyond the
critical tunnelling thickness of 2-3 nm remains elusive. Several mecha-
nisms were proposed to account for SElgrowth, that is, electron diffu-
sionthrough point defects such as Liinterstitials*, solvent diffusion®*?,
electron conduction through the SEI***?* and transition metal-enabled
electron transfer®. The voltage-dependent electron leakage mecha-
nism hasbeenincluded in many battery life models and appears tobe
the only one to explain some experimental observations®'**°%, The
electrical properties of the SEl are determined by the microstructure
and chemistry of SElcomponents formed by thereductionandreaction
of electrolyte solvent and Li salt; the SEI with high content of inorganic
spices shows good electrical insulation. Tailoring of electrolyte through
compositional optimization towards desired properties for different
battery systems offers plenty of room for further research, especially
those from machine learning approaches, which could be integrated
to delineate the critical component and proper electrolyte chemistry
torealize ideal SEl properties, thatis, highionic conductivity and elec-
tronicinsulation, thus solving major challenges of battery research™.

Conclusions

We developed an in situ bias TEM method to measure the electrical
properties of beam-sensitive SEls formed on the Cu and Lisubstrates.
Our results reveal that the SEl deviates from an insulator, showing
voltage-dependent differential conductance. A slight variationin the
rate of differential conductance canresultindramatic differencesinthe
SElthicknessand Limorphologyand, consequently, the electrochemical
performance of the batteries. This work provides a direct method to
quantify the electrical properties of the SEl and their effects on the
electrochemical performances of rechargeable Li-based batteries.
The method established here can be generally used for other types of
electrochemical cell as well.

Methods

Fabrication and assembly of coin cells

CR2032 Li||Cu coin cells (MTI) were assembled inside an argon
(Ar)-filled glovebox. A Cu wire or Cu TEM half grid placed on a Cu foil
current collector was used as the working electrode; a Li metal foil
was utilized as both the reference electrode and counter electrode.
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A polyethylene separator (Asahi Kasei) was employed to physically
separate the working electrode and the reference/counter electrode.
Four electrolytes with the same Lisalt LiFSIand solvating solvent DME
were prepared in the glovebox: LCE of 1 M LiFSI in DME (with a molar
ratio of 1:9), HCE of LiFSI-1.2DME (by molar ratio), LHCEs by diluting
the HCE with BTFE diluent to form LHCE and BTFEC to form PLHCE with
amolar ratio of 1:1.2:3. The physical properties of those solvents and
correspondingelectrolytes are summarized in Supplementary Tables
1and 2. SEl formation on Cu electrode was conducted by applying a
currentdensity of 0.1 mA cm™until the cell reached O V. Limetal (that
is, the SEl on Li) was electrochemically deposited on Cuwithacurrent
density of 0.1 mA cm™?for100 mintoreach afixed Li depositionamount
of anareal capacity of 0.167 mAh cm2as shownin Supplementary Fig.1
(by using Arbin BT-2000). Therefore, the SEls we studied are the ones
after thefirst discharge process.

Insitubias TEM measurement of the electrical property of the
SEI

In situ measuring the electrical transport properties of the SEI was
conducted inside TEM using a nanofactory holder. The TEM holder
features a dual-probe design, comprising two distinct compo-
nents. One probe utilizes a W probe as the electrode, while the other
probe consists of a Cu wire coated with the SEI. The Cu wire probe is
movable within the TEM column and is driven by a piezo motor
with a 1-nm-step size. Inside an Ar-filled glovebox, the Cu wire with
SEI/Li particles formed on it was taken out from the coin cell and
affixed on the TEM holder. The TEM holder with airtight cover and
sealed within the Ar-filled bag was transferred and inserted into the
TEM column. This process ensured limited exposure to air, safeguard-
ing the integrity of the samples and maintaining the desired experi-
mental conditions.

Simulations of SEl formationin each electrolyte

Our simulations follow the recently introduced hybrid ab initio
and reactive force field (HAIR) method**. This approach uses the
AIMD and the reactive force field (ReaxFF) method to extend the
time simulation window to the order of hundreds of picoseconds*’;
the AIMD method runs for about 0.5 ps each time to provide an
accurate description of the localized electrochemical reactions
while the ReaxFF runs for 5 ps, allowing access to chemical reac-
tions of greater scope and duration, as well as broader mass transfer
processes*.

The Vienna Ab Initio Simulation Package (VASP, version 5.4.4) is
used for the AIMD simulation®. The Perdew-Burke-Ernzerhof makes
the exchange-correlation energy approximation. The projector aug-
mented wave method addresses electroninteractions with a plane-wave
basis expansion to 400 eV. The Monkhorst-Pack scheme samples
the 1x1x1Brillouin zone, and the occupation method is Gaussian
smearing (0.05 eV)*>*°, The electronic self-consistent convergence
criterionis10™ eV, the ensemble of choice is the NVT and the integra-
tion of Newton’s equations is with the Verlet algorithm. The hydrogen
mass is changed to its tritium isotope to enable a time step of
1.2 fs (ref. 57).

The ReaxFF runs with the large-scale atomic/molecular massively
parallel simulation software (LAMMPS, version 3Mar20)***. The
ReaxFF parameterization of choice correctly describes the interfacial
interactions between the different organic solvents, the FSI” anions
and the Li surface. The time step is 0.25 fs, the NVT ensemble applies
and the Nose-Hoover thermostat has a damping parameter of 0.01 fs™.

We performed simulations with different length and timescale.
The first-round simulations complete 46 HAIR cycles for a total of
253 ps with electrolyte to anode (E/A) ratio of 0.75. The second-round
simulations complete 46 HAIR cyclesbut with larger E/A ratio (2.79). All
simulation cells were run with about 450 atoms. To confirm our simula-
tionwindowis long and large enough to allow the system equilibration,

we performed additional simulation with 572 atoms, keeping constant
the E/A ratio (0.75) and found no notable structural changes (Supple-
mentary Fig. 36e). We also ran another two simulations up to 1 ns (181
HAIR cycles) and found no notable structural changes (Supplementary
Fig.36d,f). The SEl simulation parameters are summarized in Supple-
mentary Table 4. The details of simulation systems are in Supplemen-
tary Note 7 (methodology on SEI layer simulation and subsequently
[-Vcurve calculation).

Current-voltage characteristics of SEI

Afully abinitio DFT with a Green’s function approachis used to deter-
minethe/-Vcharacteristics of the SEl produced by the four electrolytes
inaLimetalanode. The electronic structure of eight SEls (two perelec-
trolyte taken from hybrid AIMD runs) was obtained using DFT with the
hybrid functional B3PW91* encoded in the Gaussian-16 programme®.
The density and superposition matrices of these calculations were
entered into the GENIP™*! to obtain the /-V characteristics of the 11
samples reported in this work.

3Dimage reconstruction

Serial tilt HAADF/BF-STEM images were acquired from —60° to 60° by
every 2° for 3D reconstruction. The tilt series of whole micrographs
were initially aligned using the image processing, modelling and dis-
play programme®’, and then reconstructed by the individual particle
electron tomography (IPET) method®. Final 3D maps were reduced
missing-wedge artefact by low-tilt tomographic 3D reconstruction
method®. All IPET 3D reconstructions were Gaussian filtered at the
same level and rendered in University of California San Francisco
Chimerasoftware®,

Data availability

All data that support the findings of this study have been included
in this article and its Supplementary Information. Source data are
provided with this paper.
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region.
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Supplementary Fig. 2 | Schematic of preserving and electrical measurement of SEI formed
on Cu current collector by in situ TEM. a, Cu wire as current collector. b, Cu TEM wire with
electron transparent thin area prepared from Cu wire. cb Assembling Cu TEM wire into a coin
cell. d, Disassembling of coin cell in glove box. e, The Cu TEM wire with SEI/Li deposition is
loaded on in situ bias TEM holder in glove box and is subsequently transferred to TEM in Ar
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Supplementary Fig. 3 | Structures of the Cu and W tip. a-b, TEM images showing W wire
with clean surface. e¢-d, TEM images showing Cu TEM wire with SEI formed on the surface. e-f,

TEM image showing Li deposit formed on the Cu TEM wire and corresponding SAED patter.
Scale bars, 5nmin a and ¢, 2 nm in b and d, and 200 nm in e.
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Supplementary Fig. 4 | Experimental setup for in situ I-V curve measurement. a, Initial setup
with Cu as negative electrode and W as positive electrode. b, Final setup with Cu as positive
electrode and W as negative electrode. ¢, [-V curve measured based on initial setup. d, I-V curve
measured based on final setup.
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Supplementary Fig. 5 | The reversibility of I-V curve upon forward and reverse biasing. a,
I-V curve of SEI on Li formed in LHCE (the electrolyte with BTFE diluent). b, I-V curve of SEI
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Supplementary Fig. 6 | The feasibility study of in situ probing electrical response
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Supplementary Fig. 7 | Electrical transport measurements of SEI formed on the Cu in
PLHCE. a, I-V curve of the SEI formed on Cu with constant voltage above critical voltage. b, I-
V curve of the SEI formed on Cu with constant voltage below critical voltage.



Supplementary Fig. 8 | TEM images showing the in situ probing electrical response
measurements of (a-d) SiO; insulator and (e-h) TiO2 semiconductor in the TEM. Scale bars, 200
nm in a-c and g, 10 nm in d and h, 20 nm in e and f.
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Supplementary Fig. 9 | Effect of bias range, electron beam, sample size on I-V curves and
dI/dV-V curves taken from SiO: insulator. a,b, I-V curves measured from different size of SiO»
nano particles under electron beam off condition with bias range from (a) 0-2.5 V and (b) 0-10 V.
c,d, I-V curves measured from different size of SiO; nano particles under electron beam on
condition with bias range from (¢) 0-2.5 V and (d) 0-10 V. e-h, Differential conductance, dI/dV as
function of V, derived from the above I-V curves (a-d). i, Summary of electrical conductance

based on above dI/dV curves (e-h). Error bars, s.d. n=10. Inset: the normal electrical conductance
of SiOs.
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Supplementary Fig. 10 | Effect of bias range, electron beam, sample size on I-V curves and
dI/dV-V curves taken from TiO2 semiconductor. a-c, I-V curves measured from different size
of TiO2 nano particles under electron beam off condition with bias range from (a) 0-2.5 V, (b) 0-
5V and (¢) 0-10 V. Error bars, s.d. n=10. Error bars in ¢ show the reproducibility of measured I-
V curves. d-f, Corresponding differential conductance derived from the above I-V curves (a-c). g-
i, [-V curves measured from different size of TiO2 nano particles under electron beam on condition
with bias range from (g) 0-2.5 V, (h) 0-5 V and (i) 0-10 V. j-1, Corresponding differential
conductance derived from the above I-V curves (g-i). Inset of I: critical voltage.
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Supplementary Fig. 11 | Effect of bias range on I-V curves and dI/dV-V curves taken from
SEI layers formed on Cu and Li. a-c, I-V curves measured from SEI on Cu formed in the
different electrolytes under electron beam off condition with bias range from (a) 0-2.5 V, (b) 0-5
V and (¢) 0-10 V. d-f, Corresponding differential conductance derived from the above I-V curves
(a-c¢). g-i, I-V curves measured from SEI on Li formed in the different electrolytes under electron
beam off condition with bias range from (g) 0-2.5 V, (h) 0-5 V and (i) 0-10 V. j-1, Corresponding
differential conductance derived from the above I-V curves (g-i). Insets of e-f and k-I: critical

voltage.
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Supplementary Fig. 12 | Effect of electron beam on I-V curves and dI/dV-V curves taken
from SEI layers formed on Cu and Li. a-c, I-V curves measured from SEI on Cu formed in the
different electrolytes under electron beam on condition with bias range from (a) 0-2.5 V, (b) 0-5
V and (¢) 0-10 V. d-f, Corresponding differential conductance derived from the above I-V curves
(a-c). g-i, I-V curves measured from SEI on Li formed in the different electrolytes under electron
beam on condition with bias range from (g) 0-2.5 V, (h) 0-5 V and (i) 0-10 V. j-1, Corresponding
differential conductance derived from the above I-V curves (g-i). Insets of e-f and k-l: critical
voltage.
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Supplementary Fig. 16 | Low magnification TEM images of Li deposits. a, LCE, b, PLHCE,
¢, HCE, and d, LHCE. Insets: Digital photos of deposited Li. Scale bar, 1 pm.
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Supplementary Fig. 17 | Microstructures of Li deposits formed in the different electrolytes.
a-d, Bright-field TEM images of Li deposits formed in (a) LCE, (b) PLHCE, (¢) HCE, (d) LHCE;
e-h, corresponding high-resolution TEM images of Li deposits formed in these different
electrolytes. Insets are corresponding SAED patterns. Scale bars, 1 um in a-d, 5 nm in (e-h).
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Supplementary Fig. 18 | Cryo-TEM characterization of SEI layer on Cu. a-d, Morphology
and (e-h) atomic structure of SEI layers on the Cu foil. Scale bars, 50 nm in a-d, 10 nm in e-h.
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Supplementary Fig. 19 | Cryo-TEM characterization of SEI layer on Li using different
electrolyte. a-d, Corresponding invert FFT images of Fig. 4a. e-h, Schematic of the observed SEIs
on the Li deposits formed in LCE, HCE, PLHCE, and LHCE, separately. Scale bar: 5 nm in a-d.
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Supplementary Fig. 20 | Composition information acquired from the SEI layers on the Cu
foil formed in the different electrolytes. Scale bars, 50 nm in a-f and 10 nm in g-x.
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Supplementary Fig. 21 | Composition information acquired from the SEI layers on the Li
deposits formed in the different electrolytes. Scale bars, 50 nm in a-l and 20 nm in m-x.
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Supplementary Fig. 24 | Structure and elemental composition of Li deposits and their SEIs
formed in the different electrolytes. a, Cryo-HAADF-STEM imaging and corresponding (b)
EELS elemental mapping show the spatial distribution of Li, S, O, C, F, and N in the Li deposit
and SEI layer formed in LCE. ¢, Cryo-HAADF-STEM imaging and corresponding (d) EELS
elemental mapping show the spatial distribution of Li, S, O, C, F, and N in the Li deposit and SEI
layer formed in PLHCE. e, Cryo-HAADF-STEM imaging and corresponding (f) EELS elemental
mapping show the spatial distribution of Li, S, O, C, F, and N in the Li deposit and SEI layer
formed in HCE. g, Cryo-HAADF-STEM imaging and corresponding (h) EELS elemental mapping
show the spatial distribution of Li, S, O, C, F, and N in the Li deposit and SEI layer formed in
LHCE. Insets: line profiles of EELS maps show intensity changes from Li to SEI layer. Scale bars,
50nminaandec, and 10 nm in e and g.
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Supplementary Fig. 25 | Analysis of the chemical bonding environment from Li deposits to
SEI layers. The EELS of Li K-edge, S L-edge, and O K-edge spectrums acquired from Li deposit
to SEI surface in (a-¢) LCE, (d-f) PLHCE, (g-i) HCE, and (j-1) LHCE.
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Supplementary Fig. 26 | Analysis of the chemical bonding environment from Li deposits to
SEI layers. The EELS of C K-edge, N K-edge, and F K-edge spectrums acquired from Li deposit
to SEI surface in (a-¢) LCE, (d-f) LHCE, (g-i) HCE, and (j-1) LHCE.

26



Li-0-C SO.F o2 C-
n
LCE Li:0 C
- I - l;( ): : -
cp, €03
SO,F/A. SO,
- LiIs S 2p C=C Cls
58 56 53 52174 172 170 168 166 164 162 160 158 22 280 288 286 284 282
Binding Energy (¢V) Binding Energy (eV) Binding Energy(¢V)
NSO,F, c-0 LiF
LCE C-N SO, Li,0 SF
- Va
HCE LiN, S=0 C-F
N-(SO,),

O-F/C=0
0 1s

m Fls

400 393
Binding Energy (eV)

396

536 534

532 530
Binding Energy (eV)

528 526 690 688

686 634
Binding Energy (¢V)

682

630

Supplementary Fig. 27 | The XPS spectra for selected elements from the surface of Li

deposits.

27



50

[__|LCE
1, x [ IPLHCE
40 - e * [ |HCE
— B [ |LHCE
—_ * *
X < L *
S 30 - *& | K
= |
S * *
o fal 1 L
*

520- N
<

10 4

F S

Li o) C
Element

N
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Supplementary Fig. 29 | The molecular structures and snapshots of the electrolytes from
AIMD simulations. a, LCE, b, PLHCE, ¢, HCE'® and d, LHCE"’.
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Supplementary Fig. 30 | AIMD simulated radial distribution of electrolytes. a, LCE, b,
PLHCE'", ¢, HCE, and d, LHCE'".
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Supplementary Fig. 32 | Simulation snapshots of initial and final states. Snapshots of initial
state of (a) LCE, (b) PLHCE, (¢) HCE and (d) LHCE with Li metal. e,f, Corresponding final states
of SEI formed by reacting between four electrolytes with Li metal. E/A ratio is 0.75.
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Supplementary Fig. 33 | Bader Charges for Li atoms in SEI formed in four electrolytes. E/A
ratio is 0.75. Note: The Li" ions with a smaller radius are dissolved Li" ions.
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Supplementary Fig. 34 | Simulation snapshots of initial and final states. a-d, Simulation
snapshots of initial states of (a) LCE, (b) PLHCE, (¢) HCE and (d) LHCE with Li metal. ef,
Simulation snapshots of final states of SEI formed by reacting between (e) LCE, (f) PLHCE, (g)
HCE and (h) LHCE and Li metal. i-1, Sample snapshots of four electrolytes reacting with Li metal.
E/A ratio is 2.79. He atom is used as boundary during simulation.
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Supplementary Fig. 35 | Bader Charges for Li atoms in SEI formed in four electrolytes.
E/A ratio is 2.79. Note: The Li" ions with a smaller radius are dissolved Li" ions.
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Supplementary Fig. 36 | Simulation snapshots of SEI layer. a-c, Simulation snapshots of initial
states of (a) LCE (E/A ratio is 0.75 and total simulation time is 1 ns), (b) HCE (E/A ratio is 0.75
and total simulation time is 253 ps with larger sample size) and (¢) LHCE (E/A ratio is 0.75 and
total simulation time is 1 ns) with Li metal. d-f, Sample snapshots of three electrolytes reacting
with Li metal. He atom is used as boundary during simulation.
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Supplementary Fig. 38 | Calcluated I-V curve and corresponding differential conductance.
a, Calculated I-V curves (E/A ratio is 0.75 and total simulation time is 253 ps). b, Corresponding
differential conductance, dI/dV as function of V, derived from the I-V curves. ¢, Calculated I-V
curves (E/A ratio is 2.79 and total simulation time is 253 ps). d, Corresponding differential
conductance. e, Calculated I-V curves with different simulation time and sample size. f,
Corresponding low voltage range (0-1 V) I-V curve. g, Comparison of I-V curves with different
simulation time and sample size. h, Low voltage range (0-1 V) I-V curve.
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Supplementary Fig. 42 | Mechanisms of Li propagation inside SEL a, High electronic
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Supplementary Methods

Preparation of copper (Cu) and tungsten (W) wires for in situ biasing
transmission electron microscopy (TEM)

Cu wire for in situ biasing TEM experiment was directly cut by pincer plier from commercial Cu
wire (diameter: 0.25 mm) and TEM half grid for cryogenic TEM (cryo-TEM) was directly cut by
razor blade from Cu TEM grid in an argon (Ar)-filled glove box to minimize the oxidation and
contamination of Cu. W wire was prepared by electrochemical etching. As shown in
Supplementary Fig. 3, the surface of Cu and W is very clean.

TEM Cu foil preparation

Cu foil for TEM observation was directly prepared from commercial Cu foil which was used as
the current collector in coin cells. The Cu foil is thinned by Ar ion milling using a Gatan precision
ion polishing system (PIPS, Gatan, USA) to make an electron transparent area. After the
preparation, the Cu TEM foil was transferred into an Ar-filled glovebox to avoid oxidation'.

Cryo-transfer procedure

After deposition, the TEM Cu foil with SEI and the TEM grid with Li deposits were taken out
from the coin cell and slightly rinsed with DME to remove trace electrolyte and Li salt in the
glovebox. Then, the TEM Cu foil with SEI or TEM grid with Li deposits was placed in a sealed
bag filled with Ar. The sealed bag was plunged directly into a bath of liquid nitrogen after taken
from the Ar-filled glove box until the TEM Cu foil or TEM grid reached the very low temperature
(around 100 K). Then the TEM Cu foil or TEM grid was quickly taken out from the sealed bag
and loaded onto a pre-cooling Gatan cryo-holder (Elsa, Gatan, USA) using a cryo-transfer station
to ensure the entire process occurred under cryogenic environment.

Crvo-TEM characterization of SEIs formed on Cu and Li

Cryo-TEM observations were performed on a 300 kV FEI Titan monochromated (scanning)
transmission electron microscope ((S)TEM) equipped with a probe forming lens aberration
corrector. The samples were viewed at low temperature (100 K) under low dose condition (~100
e-A2-s! for high-resolution TEM imaging). Energy dispersive X-ray spectroscopy (EDS)
elemental mapping was collected by scanning the same region multiple times at a dwell time of
0.01 ms and electron probe current ~40 pA. Electron energy loss spectroscopy (EELS) was
collected on a Gatan GIF-Quantum spectrometer. The EELS collection semi-angle during the
spectroscopy experiments was ~45 mrad. EELS spectra dispersion was 0.05 eV per channel with
vertical binning of 130. The probe beam current was around 25 pA, pixel dwell time as 0.01s. The
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electron dose applied during the acquisition of the EELS spectra shown in the main text was 100
e-A2. All those electron dose rates do not introduce obvious damages after the acquisition of
images, EDS and EELS spectra®*.

Electrochemical testing

The Li||Cu cells were assembled for the Li Coulombic efficiency (CE) determination using the CE
testing protocol optimized in our previous work®. 5 mAh cm? Li was first deposited on Cu
electrode and full stripped till 1 V to determine the initial Li CE. Another 5 mAh cm™ Li was
deposited on the Cu electrode followed by 10 times repeated stripping and depositing of 1 mAh
cm Li on Cu electrode and fully stripped the Li till 1 V at the end to get the average Li CE.

The Li||LiNio.sMno.1C00.102 (NMC811) cells were assembled and an Al-clad cathode case was
used to avoid stainless steel corrosion at high voltages. Another Al foil with a diameter of 1.9 cm
was placed between the cathode disk and the Al-clad case for further protection. The cells were
charged/discharged in a voltage window of 2.8 to 4.4 V on Land battery testers (Wuhan Land) at
25 °C and at C/3 rate (a constant-voltage charge at 4.4 V was applied after the cell was charged to
4.4 V until the current reached C/20 or the time reached 1 h) after two formation cycles at C/10.

The performances of four electrolytes in LMBs are summarized in Supplementary Table 3.

X-ray photoelectron spectroscopy (XPS) analysis procedure

Physical Electronics Quantera Scanning X-ray Microprobe with a focused monochromatic Al Ka
X-ray (1486.7 eV) source was employed for the XPS characterizations. The X-ray beam was
incident normal to the sample, and the photoelectron detector was at 45° off normal. High energy
resolution spectra were collected using a pass-energy of 69.0 eV with a step size of 0.125 eV. The
X-ray beam diameter was ~100 um and was scanned over a 1200 um x 200 um area of the sample.

Electrolyte solvation structure simulation

Ab initio molecular dynamics (AIMD) simulations were performed by Vienna Ab initio
Simulation Package (VASP). Electron-ion interactions were described by the projector-augmented
wave (PAW) pseudopotentials with the cutoff energy of 400 eV®. The exchange-correlation
functional was represented using the Perdew-Burke-Ernzerhof generalized gradient approximation
(GGA-PBE). The exchange-correlation functional with a Gaussian smearing width term of 0.05
eV was used. The convergence criterion for electronic self-consistent iteration was set to 1x107
eV. The simulations were performed in the canonical ensemble. The initial densities of these
system (LCE, PLHCE, HCE, and LHCE) and molar ratios are obtained from experiment. The
constant temperature of the AIMD simulation systems was controlled using the Nos¢ thermostat
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method with a Nosé-mass parameter of 0.1 at 298 K. The initial structure of each system was set
up by randomly placing the numbers of LiFSI, DME and/or diluent molecules based on
experimental densities and molar ratios. These initial geometry structures were firstly optimized
with classical molecular dynamics method using OPLS-AA force field’. Then the systems were
preequilibrated for 5 ps by AIMD. Finally, product simulations of 10 ps were carried out with a
time step of 1 fs. The projected density of states (PDOS) was calculated and averaged over 10
different configurations (extracted from MD simulation snapshots) to represent ensemble average
of the PDOS. A Monkhorst-Pack k-point mesh grid scheme was used as 2 x 2 x 2.

TDOS calculation of amorphous and crystalline Li>O and Li;S

AIMD simulations were performed by VASP. Electron-ion interactions were described by the
PAW pseudopotentials with the cutoff energy of 650 eV°. The exchange-correlation functional
was represented using the GGA-PBE. The convergence criteria for the electronic and ionic steps
were set to be the energy of 10® eV and the force of 0.01 eV A!, respectively. The initial structure
parameters of crystals were obtained from the work of Xu et al. 8. The amorphous structures were
obtained by quenching the systems after MD simulations at 1800 K. For the calculation of the total
density of states (TDOS), the Monkhorst-Pack grids of 4 x 4 x 4 and 2 x 2 x 2 were used for crystal
structures and amorphous structures, respectively.
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Supplementary Note 1.

Calibration measurement

Electrode setup

In the experimental setup, the W is negative electrode, and Cu with SEI is positive electrode
(Supplementary Fig. 4b). Initially, we connected Cu wire with SEI/Li deposit as negative and W
electrode as positive (Supplementary Fig. 4a), and the measured I-V curve is shown as
Supplementary Fig. 4c. There is no obvious difference when we exchange the position of W and
Cu (Supplementary Fig. 4d). The small difference between Supplementary Figs. 4c-d is associated
with the measurement error, which is partially associated with the small difference of work
function between Cu (4.76 eV, average of different plane) and W (4.61 eV, average of different
plane) °, therefore generating an electrostatic potential difference, and consequently affecting the
measured current value. The [-V curves we measured as shown in Figs. 3a-c and Supplementary
Figs. 5-7 and 9-15 are all acquired based on experimental setup as shown in Supplementary Fig.
4b. As such, the effect of electrostatic potential difference between Cu and W will not affect the
comparison of electrical properties of SEI formed in the different electrolyte.

Bias calibration

The I-V curve measurements are conducted by sweeping the voltage from 0 V to high voltage at a
constant rate 0.125 V/0.25 ms. The reason why we only bias from zero volt toward positive
direction is because we found that there is a critical voltage. When the bias is above the critical
voltage, the SEI layer will break down, as represented by the fact that the current will reach to
maximum of instrument limitation. For an unknown SEI layer, as we do not know the breakdown
voltage, if we sweep from negative to positive voltage, we may unintentionally break down the
SEI layer upon initial application of the large voltage that is above the breakdown voltage.
Therefore, we always sweep the voltage from zero towards positive direction for each
measurement.

Further, we indeed carried out sweep the potential from negative to positive voltage as shown in
Supplementary Fig. 5. If the voltage is below the critical voltage, the I-V curve is symmetric
between negative and positive voltage range. We even can run two cycles as shown in
Supplementary Fig. 5b.

In order to accurately measure electrical transport in SEI on Cu and Li by this method, we
measured the current (I)-voltage (V) curves under different conditions to prove it works. As shown
in Supplementary Fig. 6a, we firstly acquired the I-V curve with W tip and Cu TEM wire
uncontacted with each other, which could get background noise from the experiment setup, and
the background current is nearly irrelevant to the applied bias.
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The applied bias range and electron beam effect on measured electrical conductance were also
explored as shown in Supplementary Figs. 6b-d and summarized in Supplementary Fig. 6e. When
Cu TEM wire was prepared in the air with a surface layer (Supplementary Fig. 6f), the I-V curve
shows a linear relationship, suggesting that the transport and this contact are Ohmic due to the
surface contamination layer (Supplementary Fig. 6g). While when W tip and Cu TEM wire without
SEI formed on contact with each other, it will make the current reach the maximum value no matter
how large bias was applied (Supplementary Fig. 6j). This short circuit phenomenon also proved
that the W tip and Cu TEM wire that we prepared in the glove box have clean surface.

In addition, the constant voltage was also applied to get I-t (time) curve, when the constant voltage
is above critical voltage (Supplementary Fig. 7a), the current value is maximum value of
instrument, indicating this irreversible transition from semiconductor to conductor. While the
constant voltage is below critical voltage (Supplementary Fig. 7b), the current value is constant
and similar with applied voltage range (Supplementary Fig. 8a), which also confirms that the
measured current value is from electron other than Li ion transport.

Supplementary Note 2.

Calibration of sample size, bias range and electron beam effect during the in
situ measurement

The sample size, bias range, and electron beam effect were explored in reference samples and SEI
layers. Supplementary Fig. 8 shows the in situ probing electrical response measurements of
different sample sizes of SiO; and TiO,. The I-V curves, corresponding dI/dV-V curves and
calculated electrical conductance of SiO; (Supplementary Fig. 9) show that the bias range, sample
size and electron beam do not affect electrical properties. The bias range, the sample size and
electron beam will affect the current value and dI/dV of TiO2 as shown in Supplementary Fig. 10,
smaller sample size has lower current value, larger bias range will increase current value and
dI/dV, and electron beam will also largely increase the current value and dI/dV, which is similar
with SEI on Cu and Li (Supplementary Figs. 11-12).

We measured the I-V curves at low voltage range (0-1.0 V) and amplified the voltage range of 0-
0.5 V as shown in Supplementary Fig. 13. We used Boltzmann nonlinear fitting method to fit the
low voltage range I-V curves. It should be noticed that the exact voltage applied on SEI should be
smaller than I-V curve, as there are some contact voltage drops from experimental setup. The [-V
curves on Li in low voltage range is similar to that in high voltage range.

Supplementary Note 3.
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Statistics analysis of measured I-V curve

As the I-V curve is acquired following on the real battery cell cycling, therefore, to make sure the
data repeatability, we measured I-V curve 10 times at different regions of each SEI layer formed
in one Cu wire, which shows the similar results as shown in Supplementary Fig. 14. Even from
same region, when apply bias below critical voltage, the I-V curves acquired from two times have
very good consistent as shown in Supplementary Fig. 5b.

Supplementary Note 4.

Consideration of SEI thickness effect on the measured I-V curve

Based on our experimental setup, two ion-blocking Cu/W electrodes were used. We have drawn
the I-V curve and the electrical differential conductance, dI/dV, against the applied voltage, V,
where I is the current as shown in Supplementary Fig. 15(a) and (b). However, the thickness of
SEI layer, L, for different electrolyte is different. The thickness of SEI, L, could be directly
obtained by cryogenic TEM (Fig. 5a). To account for the SEI layer thickness effect, we draw the
electrical differential conductance, dI/dV, as a function of the electrical field strength, E, as E =
V/L, by which the SEI layer thickness effect is normalized. As shown in Supplementary Fig. 15
(c), the electrical differential conductance, dI/dV, against the electrical field strength, E, shows
similar trend of variation for the case of dI/dV as a function of V (Supplementary Fig. 15b).

Supplementary Note 5.

Fine structure and chemical composition of SEI layers on Cu and Li

The fine structure and composition of SEI layers formed on the Cu and Li were characterized by
cryo-TEM, EDS, EELS and XPS.

Cryo-TEM

The SEIs formed in different electrolytes show different fine structural features (Supplementary
Figs. 16-19). The SEI on Li deposit formed in LCE has a bilayer structure with rough surface,
featuring an amorphous outer layer of ~ 15 nm and a mosaic inner layer of ~ 20 nm with crystalline
Li,0 particles dispersed in an amorphous matrix (Supplementary Fig. 19). In addition, a few Li,O
particles are observed to be trapped in Li deposit. The SEI formed in PLHCE exhibits a mosaic
structure with a thickness of ~ 25 nm (Fig. 5a). The interface between the Li deposit and the SEI
is not sharp, and there are few Li2O nanoparticles embedded in the Li deposit. The SEI formed in
HCE exhibits a thickness of ~15 nm and with the sparse dispersion of Li2O particles in the
amorphous matrix. The SEI formed in LHCE is remarkably different from those formed in the
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other three electrolytes. First, the thickness of the SEI layer on Li is very thin, only ~ 7.5 nm, which
is identical to that of the SEI on Cu (Supplementary Fig. 18h). Second, the SEI on the Li deposit
is continuous and uniform. Third, the SEI exhibits a fully amorphous structure.

STEM-EDS

The SEIs formed in different electrolytes also show different elemental distribution
(Supplementary Figs. 20-23). As shown in Supplementary Fig. 2a, the SEI layer on Cu formed in
LCE is mainly comprised of O (72.6 at.%), and very few S, C, N and F, and changes a little on Li
(Supplementary Fig. 22b). The extremely low concentration of C in LCE implies that this SEI
layer is not rich in organic species. This is also validated by the projected density of state analysis
(PDOS) analysis in AIMD simulation as the lowest unoccupied molecular orbital (LUMO) energy
is not located on solvent.

When the BFTEC diluent was added to HCE, the chemical composition of the SEI layer changed
a lot (Supplementary Fig. 22a). The SEI layer on Cu is mainly composed of O (57.2 at.%) and S
(21.2 at.%), and few C (11.7 at.%), and that on Li is majorly composed of O (69.4 at.%) and S (9
at.%), and few C (14.4 at.%), indicating more organic solvent involved SEI formation. In other
words, there is the most severe solvent/diluent decomposition in this electrolyte, which could be
strongly related to the pseudo-LHCE nature (PLHCE). Thus, the favorable features of HCE are
lost in PLHCE. This is also consistent with previous simulation results: BTFEC prefers to
coordinate with Li" in a second solvation shell beyond the first solvation with DME and FSI,
which partially damages the high-concentration coordinated clusters in the HCE by forming a
PLHCE'".

While in the HCE, the SEI layer on Cu is rich in S (37.8 at.%) and O (34.8 at.%), few F, C, and
very few N, and the SEI on Li is rich in O (44.6 at.%) and S (28.3 at.%), which indicate high levels
of O-, S-, and F-containing species derived from LiFSI salt, and few from C-containing organic
solvent. This is also supported by the PDOS analysis in the AIMD simulation since the LUMO
energy is located on FSI- anion. The decomposition of FSI- anion will generate the high contents
of S and O.

In comparison to other three electrolytes, adding BTFE diluent induces more S-containing species
formed in the SEI layer as shown in Supplementary Fig. 22, implying that the FSI™ anions are
predominantly reduced. Especially, the higher S/O ratio indicates S=O bond of FSI is difficult to
break as shown in Supplementary Fig. 23. The high S/O ratio also indicates the FSI is deeply
reduced in LHCE. The distinct morphologies of Li deposits and distinct chemical information of
SEI layers formed in the four electrolytes indicate the strong correlation between solvation
structure and SEI layer.

STEM-EELS
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EELS can yield elemental distribution with high spatial resolution and be sensitive to Li.
Supplementary Fig. 24 illustrates the EELS elemental maps, showing the spatial distribution of
elements in SEI layers formed in the different electrolytes. As shown in Supplementary Fig. 24b,
O and Li are distributed uniformly across the SEI layer formed in LCE, while C within the SEI
layer shows the non-uniform distribution. In HCE, O and Li distributions are not uniform across
the SEI layer and O has a higher concentration in the inner layer of the SEI, while Li has a high
concentration in the outer layer of the SEI, and C and F only distribute in the outer layer of the
SEL

For PLHCE, Li, O and C are distributed uniformly across the SEI layer. This is because besides
organic fragments, the decomposition of BTFEC could generate COs>", which will form Li»COs
with Li. On the contrary, for the LHCE, Li and S within the SEI show distinguished bilayer,
featuring that the inner layer has lower Li intensity and higher S intensity, while O distributes near
the Li deposit, and very few C distributes on the surface of SEI layer. The difference in the spatial
distribution of different elements across the SEI layer indicates the difference in the SEI formation
process in the different electrolytes, thus affects the electrical properties of SEI layers on the Cu
and Li, and then regulate the Li morphology and finally affect the electrochemical performance of
cells.

In addition, Li-K, S-L, O-K, C-K, N-K, and F-K spectra in the SEI layers were extracted from
corresponding EELS elemental maps across Li metal to the surface of the SEI layer
(Supplementary Figs. 25-26). For example, the S L-edge spectra only show high intensity near the
surface of the SEI layer formed in the HCE and LHCE, which indicates the possible presence of
Liz2S, SO2F, and SOx. The O K-edge spectra of SEI layers in LCE and PLHCE show high intensity
around 535 eV, 540 eV, and 555 eV as shown in Supplementary Figs. 25¢ and 25f, indicating a
high content of Li>O as well>*!!. The low intensity of C K-edge of SEI layers formed in the HCE
and LHCE is consistent with the EDS results, which confirms the main components of SEI are
from the FSI™ anions rather than solvent in those two electrolytes. In addition, high intensity of F
K-edge only appears near the surface of the SEI layer formed on the HCE, which is consistent with
EDS results (Supplementary Fig. 21) as well.

XPS

XPS spectra of selected elements of the SEIs formed in the studied electrolytes are illustrated in
Supplementary Figs. 27-28. All the XPS spectra were calibrated by shifting the C-C peak in the C
Is spectra to the binding energy of 284.8 eV. It should be noted that the XPS spectra results are
consistent with EDS and EELS results except C 1s spectra, indicating few C-containing species
might form as indirect SEI layer on Li, rather than compact SEI layer on Li surface!?.

Supplementary Note 6.
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Discussion of solvation structure of electrolyte

As FSI anion is the only source of S in electrolytes we studied here, the experimentally observed
systematic change of O:S ratio in the SEI layer indicates variation of solvent and salt anion FSI’
on the formation of SEI layer in different electrolytes. The AIMD simulations were performed to
investigate the solvation structures at molecular level of the four electrolytes. The molecular
structures and snapshots of the electrolytes from AIMD simulations are shown in Supplementary
Fig. 29. In LCE, all the Li ions are solvated by DME solvent molecules. While in other three
electrolytes, the contact ion pairs are observed due to the scarcity of solvating solvent (i.e. DME).
In the radial distribution function plots obtained by AIMD simulations, the peaks for the
correlations between Li ions and the O atoms in FSI™ anions are distinctive for HCE, PLHCE, and
LHCE (Supplementary Fig. 30). The projected density of state (PDOS) analysis was employed to
investigate the decomposition of solvent/diluent. As shown in Supplementary Fig. 31, the solvation
structure of Li ion in PLHCE is changed because the BTFEC can insert into the solvation sheath
of Li ion (Supplementary Fig. 31b). The lowest unoccupied molecular orbital (LUMO) energy is
located on the BTFEC molecules, indicating the BTFEC molecules are preferentially reduced,
which is consistent with the EDS and EELS results of the SEI from PLHCE showing the low S
ratio in SEI (Supplementary Figs. 21-22 and 24). While for other electrolytes, the LUMO energies
are all located on FSI™ anions. The PDOS analysis results are consistent with the experimentally
observed tendency of O:S ratios in SEIs for different electrolytes. The spatial distributions of O
and S are overlapped (Supplementary Fig. 24), indicating O=S is likely the dominant configuration
as it is hard to break down the O=S in FSI".

Supplementary Note 7.

Methodology on SEI layer simulation and subsequently I-V curve calculation

SEI laver simulation

The lithium metal is a thirteen-layer slab cut along the Li (001) plane'*!'%. The cell dimensions are
13.78 A x 13.78 A x 39.21 A. Periodic boundary conditions apply along the x- and y-coordinates
while a fixed He-atom layer breaks periodicity along the z-coordinate. The lithium slab is 22.4 A
in thickness, and the electrolyte fills the vacuum space, such as the electrolyte-to-anode (E/A) ratio
along the z-coordinate is 0.75 (Fig. 2a).

The SEI structures reported in this work were obtained using a hybrid AIMD/classical molecular
dynamics (CMD) procedure as described in the Simulation part in main text of Methods section
(Fig. 2b). A finite cluster sample of the box of dimensions 13.78 x 13.78 x 16.5 A was used to
generate the wavefunctions for the SEI for the GENIP procedure. This finite sample was taken
from an AIMD/CMD simulation that generated a SEI periodic simulation box of dimensions 13.78
x 13.78 x 39.21 A. To account for the effects external metallic contacts embracing the SEI finite
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layer, partial densities of states of gold electron reservoirs were provided to the GENIP program
to use them for all analyzed SEIs, thus fair comparisons can be made among the four studied SEIs.

We could change the E/A ratio to alter modeling structure size. Hence, we performed three rounds
of simulation with different length and time scale. The sample cells in I-V curve calculations are
based on the hybrid AIMD combined with reactive force field simulations (Fig. 2¢). The first-
round we built electrolyte (E) /Li metal (A) with E/A ratio as 0.75, and total simulation time was
253 ps (Supplementary Figs. 32a-d). In this case, the SEI samples used for the I-V curve
calculations are around ~15 A in thickness, depending on the electrolyte: LCE = 15.0 A, PLHCE
=16.0 A, HCE = 15.0 A and LHCE = 15.8 A (Supplementary Figs. 32e-h). In the second-round
simulation, we increased E/A ratio to 2.79, and kept the same simulation time (Supplementary
Figs. 34a-d). The thicknesses of the SEI samples used in the I-V curve calculations are LCE = 14.2
A, PLHCE=16.5A, HCE=16.8 A and LHCE = 15.5 A (Supplementary Figs. 34e-h). In the third-
round simulation, we chose three electrolytes: LCE and LHCE with longer simulation time (total
time is 1 ns), and HCE with larger sample surface size (Supplementary Figs. 36 a-c). In this case,
the thicknesses of SEI samples used in the I-V curve calculations are LCE = 15.9 A, HCE = 19.5
A and LHCE = 16.2 A (Supplementary Figs. 36 d-f). The simulation parameters are summarized
in Supplementary Table 4, calculated I-V curves and corresponding differential conductance are
summarized in Supplementary Figs. 37-38. The number of molecules approximates the molar
ratios in Supplementary Table 2 within the limitations due to the cell sizes.

1I-V curve calculation

A combined density functional theory and Green’s function approach (DFT-GF) is used to study
the electron transport through molecular-solid systems consisting of a non-stoichiometric SEI
finite cluster sample, bounded by two bulk electrodes represented by two metallic nanocontacts,
following the experiments carried out in this work to obtain the I-V characteristics (Fig. 2c). We
use our program GENIP!'>'7 (Generalized Electron Nano-Interface Program) developed by our
nanoelectronics group. An external voltage is applied to the two metal nanocontacts, thus
recreating not only the usual current through a molecular system but also the quantum mechanical
effects such as the tunneling current that would occur during I-V experimental measurements.
These leakage currents are those producing the reduction of the electrolyte components, even of
the counter-ions at electrolyte-electrode interfaces, and thus formation of the SEI. The GENIP
procedure has been largely validated and described in several previous studies to obtain I-V
characteristics!32*. It uses as inputs the wavefunctions from two DFT calculations, one for the bulk
electrode using periodic boundary conditions with the program Crystal-06* and the other for the
SEI finite cluster sample obtained using the program Gaussian 16,

We performed single point self-consistent field (SCF) calculations to the SEI cluster (known as
the molecule), which was extended with one metallic atom at each end, where the external voltage
is applied, using the B3PW91272® hybrid functional with the 6-31G(d) basis set? for C, H, O, F,
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S, N, and Li, and the basis set LANL2DZ>’ for the metal as they are implemented in the Gaussian-
16 program. Hamiltonian and overlap matrices are obtained self-consistently for every external
field applied to the extended cluster sample. Thus, every point of the I-V curve corresponds to a
separated DFT calculation under the corresponding electric fields. The metal bulk electrodes
partial DOS was calculated using the Crystal-06 program. Specifically, the GENIP?® program takes
as input, for each bias voltage of the Hamiltonian, the density and the overlap matrices and the
calculated bulk DOS to obtain electron transport characteristics considering the local nature of the
SEI cluster sample as well as the nonlocal features of the bulk electrodes. In this procedure, the
self-consistent treatment performed when the external electric field is applied to the extended SEI
finite cluster sample ensures that the chemistry of the SEI is not lost throughout the calculations
of geometry optimizations as it corresponds to a strong nonequilibrium system.

The calculated I-V curves with different E/A ratio and simulation time are shown in
Supplementary Fig. 37, and corresponding differential conductance curves are summarized in
Supplementary Fig. 38. There are not too many differences between results from shorter time and
longer time simulations (Supplementary Fig. 37c), smaller E/A ratio and larger E/A ratio
simulations (Supplementary Figs. 37a-b), and thinner SEI and thicker SEI simulations
(Supplementary Fig. 37d), indicating a well equilibrated, representative system.
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Supplementary Tables

Supplementary Table 1 | Physical properties of the investigated solvents.

Solvent DME BTFEC BTFE
Molecular weight/g mol™ 90.12 226.07 182.06
HOMO/eV -7.191° -9.2810 -8.76'°
LUMO/eV -0.18'° -0.6'° -0.51°
Viscosity at 25 °C/cP 0.122 1.691° 0.7
Density/g mL™! 0.868°! 1.511 1.410
Boiling point/°C 85 117-118 62-63
Flash point/°C -41 N/A 1
Fluorine:hydrogen ratio N/A 1.5 1.5
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Supplementary Table 2 | Physical properties of the investigated electrolytes.

Electrolyte LCE PLHCE HCE LHCE
Density/g mL! 0.966°! 1.4510 1413 1.391°
.. o
cclfl‘_‘ld““‘“ty A2S°CIMS 1093301 931 26410 418% 4881
Viscosity at 25 °C/cP 0.58%1/1.6132 4.06'° 77713  2.86"
Salt concentration/M 1 1.49 4.4 1.65
Note:

LCE: LiFSI-9DME (by mol.)

HCE: LiFSI-1.2DME (by mol.)

PLHCE: LiFSI-1.2DME-3BTFEC (by mol.)
LHCE: LiFSI-1.2DME-3BTFE (by mol.)
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Supplementary Table 3 | Summary of the performances of four electrolytes in LMBs.

Initial CE Average CE Initial CE Average CE .
Electrolyte Anode (Lil|Cu) (Lil|Cu) (Li[[NMC811) (Li|[NMC811) Cycling performance
LCE Li 90.3% 98.1% 83.34% 96.68% After 10 cycles dropped to
80% initial capacity
. After 41 cycles dropped to
20, 0, 0, 0,
PLHCE Li 98.3% 96.8% 85.96% 96.81% 80% initial capacity retention
o s . .
HCE Li 98.6% 98.6% 87.99% 99.15% 80% initial capacity retention
after 57 cycles
R . .
LHCE Li 99.2% 99.2% 87.88% 99.36% 80% initial capacity retention

after 110 cycles
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Supplementary Table 4 | SEI simulation and I-V curve calculation parameters.

Density Li thickness Electrolyte SEI sample Total simulation
Electrolyte Label Molarity | # Molecules E/A ratio
[g/em?] A) thickness (A) thickness (A) time
22.4 16.8 0.75 15.0 253 ps
LiFSI:DME LCE 1 2:14 0.966 10.33 28.9 2.79 14.2 253 ps
22.4 16.8 0.75 15.9 1 ns
22.4 16.8 0.75 16.0 253 ps
LiFSI:DME/BTFEC PLHCE 1.49 2:37 1.45
10.33 28.9 2.79 16.5 253 ps
22.4 16.8 0.75 15.0 253 ps
LiFSI:DME HCE 44 89 1.41 10.33 28.9 2.79 16.8 253 ps
22.4 16.8 0.75 19.5* 253 ps
22.4 16.8 0.75 15.8 253 ps
LiFSI: DME/BTFE LHCE 1.65 338 1.39 10.33 28.9 2.79 15.5 253 ps
22.4 16.8 0.75 16.2 1 ns

* This is the biggest cell, contains 552 atoms. All other cells contain ~450 atoms.
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Supplementary Table 5 | Simulated SEI composition from full cell. The E/A ratio is 0.75.

(at.%) LCE PLHCE HCE LHCE
Li-O-C 2491 20.6 12.28 8.13
Li,O 15.97 11.48 5.63 2.27
SO _Li 4.72 2.44
SO,F 0.27 0.34 1.4 0.68
LiF 0.44 1.01 12.52 17.18
SO, 5.96 13.63 18.47
NSO.F, 0.08 0.06 0.46 0.52
S= 6.14 4.8 2.92 2.69
S-F 0.06 0.19 1.33 0.8
N-(SO)), 0.08 0.05 0.38
Inorganic 54.46 59.77 67.21 72.78
C-C/C-H 12.92 20.78 4.67 2.53
C-O0 32.62 20.45 28.12 24.72
Organic 45.54 40.23 32.79 23.61
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Supplementary Table 6 | Simulated SEI composition from sample cell. The E/A ratio is

0.75.
(at.%) LCE PLHCE HCE LHCE
Li-O-C 7.79 8.11 5.94 5.67
Li,O 7.79 10.81 25.74 8.51
LiS 6.49 11.88 3.55
LiF 5.19 40.54 12.87 39.72
N-S 1.3 0.99
C=C 3.9 541 1.98 6.38
LiN_ 12.99 12.87 4.96
CF, 0.68 1.42
CO03- 0.68
Inorganic 45.46 66.22 72.28 70.21
C-C/C-H 38.96 2432 19.8 21.99
C-O0 15.58 9.46 7.92 7.8
Organic 54.54 33.78 27.72 29.79
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Supplementary Table 7 | Simulated SEI composition from full cell. The E/A ratio is 2.79.

(at.%) LCE PLHCE HCE LHCE
Li-O-C 12.23 8.89 9.22 3.75
Li,O 17.47 9.7 16.5 13.75
Li,S 3.06 1.62 0.49 0.31
LiF 3.93 34.5 15.53 43.44
N-S 0.44
SO _Li 0.54 3.88
SO, 1.35 8.25
NSOXFy 1.46
=0 0.27 1.21
N-(SO)), 0.27 0.97
C=C 6.11 1.89 5
LiN_ 2.18 1.08 3.88 5
CF, 1.08 2.81
O-F 1.21
O-F/C=0 7.28 0.31
CO3- 0.54
Inorganic 45.42 69.01 62.6 74.37
C-C/C-H 11.79 10.24 20.87 12.19
C-0 42.79 20.75 16.5 13.44
Organic 54.58 30.99 37.37 25.63
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Supplementary Table 8 | Simulated SEI composition from sample cell. The E/A ratio is

2.79.
(at.%) LCE PLHCE HCE LHCE
Li-O-C 11.43 4.96 5.15 4.73
Li,O 22.86 12.4 25 18.34
Li,S 4.76 0.83 2.74 2.96
LiF 0.95 47.11 10.02 33.14
N-S 0.95
SO Li 0.83 2.94
SO, 0.83 14.71
NSOXFy 1.47
S= 0.83 1.47
N-(S0)),
C=C 2.86 2.48 1.47 2.37
LiN_ 0.96 0.83 5.15 4.73
CF, 0.83 2.37
O-F
O-F/C=0 1.47
CO03~ 0.8
Inorganic 44.77 72.73 71.59 68.64
C-C/C-H 13.33 15.7 5.88 19.53
C-O0 41.9 11.57 22.53 11.83
Organic 55.23 27.27 28.41 31.36
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Supplementary Table 9 | XPS quantification of SEI components on Li.

(at.%) LCE PLHCE HCE LHCE
Li-O-C 2491 20.6 12.28 8.13
Li,O 15.97 14.23 5.63 2.27
Li,S 12.76 17.62
SO _Li 4.72 2.44
SO,F 0.27 0.34 2.18 1.28
LiF 0.44 1.01 12.52 17.18
SO, 5.96 13.63 18.47
NSO, F, 0.08 0.06 3.03 0.6
S= 6.14 5.48 3.48 3.34
S-F 0.06 0.19 1.32 1.01
N-(S0O,), 0.08 0.05 0.38
C=C 3.07 2.85
Inorganic 52.67 53.43 67.21 72.75
C-C/C-H 14.71 20.96 4.67 2.53
C-0 32.62 20.45 28.12 24.72

Organic 47.33 46.57 32.79 27.25
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