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Abstract

The solid-electrolyte interphase (SEI) critically governs the performance of rechargeable batteries.
An ideal SEI is expected to be electrically insulative to prevent persistently parasitic reactions
between the electrode and the electrolyte and ionically conductive to facilitate Faradaic reactions
of the electrode. However, the true nature of the electrical properties of the SEI remains
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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 SEI with an intricate
topographic feature, leading to an inferior Coulombic efficiency and cycling stability in LillCu and
LillLiNig gMng 1Cog 105 cells. Our work provides insight into the targeted design of the SEI with
desired characteristics towards better battery performance.

Functioning of a rechargeable 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-3,

The interface between electrolyte and electrode is not atomically sharp; instead, electron
transfer across the interface leads to the formation of an interphasial layer, which is

termed a solid—electrolyte interphase (SEI) layer#-7. The characteristics of the SEI layer,
including chemical, structural, morphological and mechanical properties*-10, determine

a series of key properties of rechargeable batteries, such as active ion inventory,

cycle life, rate capability and temperature-dependent performance of a rechargeable
battery2:3:5:11.12 For better battery performances, the SEI is expected to possess three ideal
characteristics: electrically insulative, ionically conductive and constant thickness®®. These
three characteristics are interactively correlated. Typically, the SEI thickness is controlled
by the electrical properties of the SEI. The thickness of the SEI continuously increases
during charge—discharge cycling and shelf storage, indicating that the SEI does not behave
as an electrical insulator:>:12, Electronic structure calculations indicate that certain SEI
components and their grain boundaries, in contrast with their crystalline counterparts, are
prone to electron leakage through the SEI layerl3-18, |eading to continued SEI thickening.
A thick SEI increases the ion conduction length and consequently the ionic resistance,
deteriorating the kinetic properties of batteries'112.14, In addition, the SEI growth also
consumes active ions and electrolytes in the 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 SEI and consequently to explain the continuous growth of the SE16:14.19-25 sych as
solvent diffusion?%-21, electron conduction20:21.23.26 electron tunnelling?’ and Li-interstitial
diffusion?2, the transport mechanism behind these phenomena is still under debate and not
identified directly by experiment.

Despite the critical importance of the electrical properties of the SEI, quantitative
measurement of this parameter remains unsolved due to the lack of a proper and

reliable 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 SEI28-30, because the SEI is not only highly air
sensitive but also very thin, which is beyond the high spatial resolution of the method.
Scanning probe microscopy inside a glovebox or scanning electron microscopy could solve
the air-sensitive issue31:32, However, the scanning probe method is based on the 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
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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 SEI layer
behaves as an insulator, as such an assumption helps to interpret, to some degree, the
electrochemical performances of rechargeable batteries?. In essence, 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)
approach to directly measure the electrical properties of SEI layers grown on copper

(Cu) and lithium (Li) substrates, revealing the electrical characteristics of the SEI in

terms of current (1)-voltage (V) relationship, differential conductance, critical field strength
and bandgap. We unveil that the 1 — v characteristics of SEls resemble certain electrical
conductance, rather than electrical insulators as assumed in most studies. The SEI with a
higher rate differential conductance tends to exhibit a greater thickness and more complex
topographic features, consequently leading to an inferior electrochemical performance. The
work highlights the governing role of electrical properties of the SEI layer and their tuning
towards the enhanced performance of an electrochemical cell.

Electrical properties of SEI layer and battery performance

We integrated in situ TEM with scanning tunnelling microscopy (STM) technique to
measure the electrical properties of SElIs on Cu and Li, as illustrated in Fig. 1 and detailed

in Supplementary Methods and Supplementary Figs. 1-7. A STM tungsten (W) nanoprobe
with atomically clean surface was used as the counter electrode (Supplementary Fig. 3),
which was manipulated by the piezo system with three-axis nanometre-scale control. As ion-
blocking Cu and W electrodes are used, the measured 7 — 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 a real Wagner—Hebb polarization measurement but
rather provides an upper limit value of the electrical conductivity?8:33.34, As the SEI is

very sensitive to electron beam3-38 we performed the 7 — ¥ measurements at very low

magnification of electron dose rate of 1e~ A~%5~1 to avoid electron-beam-induced damage
to the SEI and did 1 — v curve measurement calibration to make sure the experimental
results are repeatable and credible (Supplementary Figs. 8-14 and Supplementary Notes
1-3). Besides, we built Li-electrolyte interface models (Fig. 2a) to investigate the SEI
structure using hybrid ab initio molecular dynamics (AIMD) simulation (Fig. 2b) and
subsequently calculate the electron transport in the SEI in terms of 1 — v curve (Fig.

2c). To systematically study different SEIs, Li bis(fluorosulfonyl) imide (LiFSI) and 1,2-
dimethoxyethane (DME) were chosen to make four electrolytes with designed microscopic
solvation structures3%49: (1) a low-concentration electrolyte (LCE) comprised of 1 M
LiFSI in DME with a molar ratio of 1:9; (2) a high-concentration electrolyte (HCE) of
LiFSI and DME with a molar ratio of 1:1.2; (3) a localized 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
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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
it a pseudo-LHCEA0) (Supplementary Tables 1 and 2).

The I — v curves 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 measured 1 — v curves of the SEls, we calibrated the measurement of the

I — V curves with known materials at nanoscale as a standard. Therefore, we measured

the 1 — v curves of SiO, as a typical insulator and TiO, as a semiconductor. As shown in
Fig. 3a, even at nanoscale, the 1 — v curve of SiO, shows typical features of an insulator,
while that of TiO5 is a semiconductor. It is rather apparent that the 1 — v curves of SEls

on both Cu and Li are similar to that of TiO, but distinctively different from that of SiO»,
revealing that the electrical properties of SEIs resemble that of a semiconductor. 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 calculated

I -V curve of the SEI on Li metal using the Generalized Electron Nano-Interface Program
(GENIP)1341 The calculated 1 — v curves (Fig. 3d) exhibit similar characteristics and trends
to those of experimentally captured ones.

Two characteristic parameters can be extracted from the I — v curves to quantitatively
interpret the 1 — 1 curves. One is the differential conductance, dI / dVv, which is plotted as
a function of applied voltage, 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 the rate of differential conductance, are notably different for
different samples. It would be expected that for an insulator, such as SiO,, the dl /dV -V
should have a slope of close to zero, which is consistently supported by what we have
measured (SiO,: 6.06 x 10727 S V1), For a semiconductor such as TiOy, the dI /dV — V
plot exhibits a positive slope (2.19 x 1078 S V1), The differential conductance (dI / dV’) 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 (3.86 x 107/ S V™1 and 2.72 x
107" S V1) to PLHCE (1.22 x 107/ S V1 and 2.26 x 10~ S V1), HCE (8.93 x 1078
SV1land253x108S V1) and LHCE (7.67 x 1078 SV1land 1.48 x 108 S V1),
where the values in the parentheses correspond to the slopes of d7 / dV — ¥ on Cu and Li,
respectively. Because the differential conductance represents the electron density of state at
the local position of the SEI, the positive linear relationship between d1 / dv and voltage
indicates that the electrical conductance increases with increasing voltage, implying that the
formation of the SEI during battery cycling shows dependence on the voltage difference
between the electrode/SEI interface and the SEl/electrolyte interface. The larger the rate

of the differential conductance against voltage is, the stronger the SEI responds to the
voltage increase. As illustrated 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 than those by PLHCE and LCE electrolytes. The d1 / dV — vV plot derived from
the calculated 1 — v curve (Fig. 3h) corroborates our experimental results. It should be
noted that to account for the SEI thickness effect, we draw the differential conductance,
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dI / 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 a similar trend of variation for the case of d7 / dV asa
function of V' (Supplementary Fig. 15b).

With increasing the voltage, the current increases parabolically; and to a critical 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,
indicating the transition from semiconductor to conductor is irreversible (Supplementary
Fig. 7). Critical field strength is defined as the critical voltage divided by the sample
thickness. The critical field strengths of the SElIs for the four electrolytes are different, which
correlate positively with the slopes of the d1 / dV — V plots as depicted in Fig. 3f,g. The
critical field strength of the SEI formed in LHCE is larger than those of SEIs 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 electrical property and battery
performance, the electrochemical performances in terms of Coulombic efficiency

(CE) and cycle life of those four electrolytes were evaluated in LillCu cells and
LillLiNig gMng 1Cog 10, (NMC811) batteries. As shown in Fig. 3i,j, the first cycle CEs

of LillCu cells and the stable cycle numbers of LilINMC811 cells have the following orders:
LHCE > HCE > PLHCE > LCE (Supplementary Table 3). Overall, an increased differential
conductance of the SEI correlates to a decreased Li CE and battery cycling stability (Fig.
3i,j), indicating the governing role of the SEI electrical property on the battery performance.

Correlation of Li morphology with SEI characteristics

Consistent with the above electrochemical property differences among these four
electrolytes is the noticeable difference of morphological features of both the SEI and

the deposited Li. The deposited Li in these four electrolytes exhibits crystalline structure
and granular morphology (Supplementary Figs. 16 and 17). However, the particle size
distributions 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 microscope (STEM) by which the image intensity is proportional

to the square of atomic number of the sample. The elemental compositions of the SEI,

such as O, C, F, S and N, each have a larger atomic number than Li, leading to a large
contrast between the SEI and Li, therefore lending 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 SEI with a high rate of
differential conductance corresponds with a high SEI:Li metal ratio.

Three-dimensional (3D) visualization of Li deposits (Supplementary Video 1) yields details
of Li topography. It is evident that for the SEI with 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, a large fraction of isolated small
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particles (possible ‘dead’ Li) and a high topographical tortuosity, leading to the high specific
surface area of the SEI. In contrast, for the SEI with a low rate of differential conductance
and a high critical field strength, as represented by the case of LHCE (Fig. 4c), the deposited
Li particles are large, uniformly distributed and topographically smooth, leading to a low
specific surface area of the SEI and less ‘dead’ Li.

Thickening of the SEI is a self-limiting process, which is governed by the electron leakage
behaviour of the on-growing SEI. Our observations clearly indicate the SEIs formed on Cu
(Supplementary Fig. 18) and Li (Fig. 5a) exhibit a similar trend of increasing thickness
with a high rate of differential conductance and low critical field strength of the SEI (Fig.
5b). The SEI formed in LCE has the highest rate of differential conductance and the lowest
critical field strength, which is corresponded with an SEI thickness of ~35 nm. The SEI
formed in LHCE has the lowest rate of differential conductance and the highest critical field
strength, corresponding to an SEI thickness of merely 7.5 nm.

Aiming to gain further insight into the origin of different electrical properties of different
SEls, the compositions of SEIs 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. Chemically, the
SEl is composed of Li as the sole cation, which is balanced by the anions comprised of
oxygen (O), 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 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 values in the parentheses correspond to the

O:S ratios of SEls on Cu and Li, respectively. These values exactly follow the tendencies

of gradually decreased rate of differential conductance and increased critical field strength
(Supplementary Fig. 23). The variation of O:S ratio represents the relative contribution of
the solvent and salt anion derived components of the SEI in these electrolytes as discussed in
detail in the Supplementary Note 5. This observation clearly demonstrates that salt derived
component in the SEI leads to low electrical conductance, while the SEI component derived
from solvent yields high electrical conductance.

Molecular insight into electrical properties of SEI

To delineate the critical factors, in particular molecular-level information that controls the
electrical properties of the SEI, we built Li-electrolyte interface models to investigate

the SEI structure using hybrid AIMD-based simulation (Supplementary Figs. 29-39,
Supplementary Tables 4-8 and Supplementary Notes 6-7) and subsequently calculated the
electron transport in terms of 1 — V' curve as representatively shown in Fig. 5d for the
sampling SEI used for the 1 — v curve calculation. The concentrations of the various
species in the SEI 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), indicating the dominance
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of solvent-derived SEI components as what we have experimentally observed. The high
proportion of organic components in the SEI will lead 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 Li ions, 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 reaction rate between FSI~ and Li metal
and the difference between the electrolyte to anode (E/A) ratio, which may be lower in the
simulations than in the experiment#2. Indeed, we carried out additional simulation with high
E/A ratio (Supplementary Figs. 34-36), which demonstrates increased sulfate products, and
the calculated 7 — v shows similar trend (Supplementary Fig. 37b).

Bandgap is a parameter to reflect electron transition from valance to conduction band,
which correlates with the electron tunnelling barrier of the SEI1415, To better understand
the electrical properties of the SEI, we measured the bandgaps of the SEI using EELS
(Supplementary Fig. 40)*344, The bandgap of the SEI on Li deposit shows two obvious
features (Fig. 5c¢). 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 SEI with exception of LHCE showing nearly a
constant bandgap value across the SELI. It is apparent that the spatial change of bandgap
across the SEI thickness direction correlates with the chemical composition variations of
the SEI. As shown in Supplementary Fig. 24, the SEI formed in HCE shows a distinctive
bilayer structure, where the outer layer has high F intensity, while O distributes near the Li
deposit and very few C distributes on the surface of the SEI. 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 SEls
consistently accounts for the formation of Li,O particles in the SEls in LCE, PLHCE and
HCE, while SEls formed in HCE and LHCE contain S-based components. On the basis of
bandgap calculation of SEI components as shown in Supplementary Fig. 41 and previous
studies!?:18:45.46 it has been indicated that the electron leakage resistance of amorphous
Li»S (3.07 eV) is higher than that of LioO (2.2eV) (ref. 46). Furthermore, grain boundaries
of inorganic compounds have been predicted to enhance electron tunnelling in the SEI1718,
It should be noted that the classic model of the SEI is composed of an inner layer of
inorganic and an outer layer of organic®, which, in terms of electrical properties, correspond
to a tandem structure. Apparently, it would be expected that the inner layer of inorganic
will be the determining layer on the electrical properties. However, given the fact that the
inner layer of the SEI is a composite structure with crystalline particles dispersed in the
amorphous matrix (including organic and inorganic species) (Fig. 5a and Supplementary
Fig. 19), the electron leakage characteristic will be determined by the continuous amorphous
matrix, rather than the dispersed crystalline particles.
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Discussion

An ideal SEI is highly ionically conductive but electrically insulative. Our direct
measurement of the electrical properties of the SEI reveals the electrical behaviours of
SEls formed in four typical electrolytes. Contrary to what has been conventionally assumed,
SEls do not act as perfect electrical insulators. Instead, they show non-negligible electrical
conductance, which governs the SEI formation and Li deposition and consequently affects
battery performance. A higher electrical conductance of the SEI could facilitate electron
transport inside the SEI, especially at the initial stage of SEI formation, leading to the
reduction of Li* in the SEI and the formation of metallic Li inside the SEI (Supplementary
Fig. 42). This reduced Li is isolated by the SEI, leading to the formation of ‘dead’ Li

and moss Li4"48, The ‘dead’ Li and repeated formation of the SEI give rise to low CE,
accounting for why Li CE is much lower in LCE and PLHCE (Fig. 3i). The SEI with

high electrical conductance and low critical field strength is more susceptible to local
electric field variation, such as that induced by protuberances of Cu surface. If the local
electric field strength is higher than the critical field strength of the SEI, localized high
electrical conduction will lead to localized Li* reduction with or on the surface of the

SEI and/or localized thickening of the SEI. The electrical behaviours of the SEl, including
electrical conductance and critical field strength, account for their surface uniformity and
topographical features.

Nucleation and growth of the SEI are mainly based on the electron tunnelling model,
consisting of reduction products of electrolytes formed through the reactions between the
electrode and the electrolyte?6:12.1449.50 Associated with the critical thickness for electron
tunnelling, the growth of the SEI would be expected to be self-limiting to a thickness of 2—-3
nm (refs. 14,45), which is apparently far deviated from experimentally determined values

of ranging from 6 nm to 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 mechanisms
were proposed to account for SEI growth, that is, electron diffusion through point defects
such as Li interstitials?2, solvent diffusion2921, electron conduction through the SE|120.21.26
and transition metal-enabled electron transfer?4, The voltage-dependent electron leakage
mechanism has been included in many battery life models and appears to be the only one

to explain some experimental observations®14:20-22 The electrical properties of the SEI are
determined by the microstructure and chemistry of SEI components formed by the reduction
and reaction 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 to realize ideal SEI
properties, that is, high ionic conductivity and electronic insulation, thus solving major
challenges of battery research®3,

Conclusions

We developed an in situ bias TEM method to measure the electrical properties of beam-
sensitive SEls formed on the Cu and Li substrates. Our results reveal that the SEI deviates
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from an insulator, showing voltage-dependent differential conductance. A slight variation in
the rate of differential conductance can result in dramatic differences in the SEI thickness
and Li morphology and, consequently, the electrochemical performance of the batteries.
This work provides a direct method to quantify the electrical properties of the SEI 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.

Fabrication and assembly of coin cells

CR2032 LillCu 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.
A polyethylene separator (Asahi Kasei) was employed to physically separate the working
electrode and the reference/counter electrode. Four electrolytes with the same Li salt LiFSI
and 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), LHCESs by diluting the HCE
with BTFE diluent to form LHCE and BTFEC to form PLHCE with a molar ratio of 1:1.2:3.
The physical properties of those solvents and corresponding electrolytes are summarized in
Supplementary Tables 1 and 2. SEI formation on Cu electrode was conducted by applying

a current density of 0.1 mA cm~2 until the cell reached 0 V. Li metal (that is, the SEI on

Li) was electrochemically deposited on Cu with a current density of 0.1 mA cm=2 for 100
min to reach a fixed Li deposition amount of an areal capacity of 0.167 mAh cm~2 as shown
in Supplementary Fig. 1 (by using Arbin BT-2000). Therefore, the SEIs we studied are the
ones after the first discharge process.

In situ bias TEM measurement of the electrical property of the SEI

Simulations

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 components. 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, safeguarding the integrity of the samples and maintaining the desired experimental
conditions.

of SEI formation in 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
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to chemical reactions of greater scope and duration, as well as broader mass transfer
processes*2.

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 augmented wave method addresses electron interactions with a
plane-wave basis expansion to 400 eV. The Monkhorst—Pack scheme samples the 1x1x1
Brillouin zone, and the occupation method is Gaussian smearing (0.05 eV)*#2:%6, The
electronic self-consistent convergence criterion is 107 eV, the ensemble of choice is the
NVT and the integration 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)#2:56, 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~1.

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 cycles but with larger E/A ratio
(2.79). All simulation cells were run with about 450 atoms. To confirm our simulation
window is 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 (Supplementary 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 SEI simulation parameters are summarized in Supplementary Table 4. The details of
simulation systems are in Supplementary Note 7 (methodology on SEI layer simulation and
subsequently I — v curve calculation).

Current—voltage characteristics of SEI

A fully ab initio DFT with a Green’s function approach is used to determine the 1 — v
characteristics of the SEI produced by the four electrolytes in a Li metal anode. The
electronic structure of eight SEIs (two per electrolyte taken from hybrid AIMD runs) was
obtained using DFT with the hybrid functional B3PW915%8 encoded in the Gaussian-16
programme>°. The density and superposition matrices of these calculations were entered into
the GENIP13:41 to obtain the 7 — v characteristics of the 11 samples reported in this work.

3D image 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 display programme®9, and then reconstructed by the individual
particle electron tomography (IPET) method®2. Final 3D maps were reduced missing-wedge
artefact by low-tilt tomographic 3D reconstruction method®2. All IPET 3D reconstructions
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were Gaussian filtered at the same level and rendered in University of California San
Francisco Chimera software63,

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 1. In situ bias TEM measurement of electrical propertiesof the SEI.
a, Schematic of experiment set-up. b. Low-magnification TEM image showing in situ 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 SEI on the Cu. d, TEM image showing Li
deposit with the surface SEI layer using Cu wire as electrode. e, Typical I — v curves
showing the critical voltage. Scale bars, 50 um in (c) and 100 nm in (b,d).
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and ReaxFF method. ¢, Schematic of 1 — ¥ curve calculation set-up of simulated SEI via ab
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Fig. 3 1. Electrical properties of SEI and electrochemical cell performances.
a, I — v curves of SiO, insulator and TiO, semiconductor. Error bars are s.d.; 7= 10. b,

I -V curves of the SEI formed on Cu. ¢, I — V curves of the SEI formed on Li deposits.
Error bars are s.d.; n=10. d, Calculated I — v curve based on sample cell (E/A ratio is
2.79, simulation time is 253 ps). e-h, Differential conductance, d1 / dv as function of v,
derived from the I — v curves, with the critical voltage indicated, for SiO, and TiO, (€), for
SEl on Cu (f), for SEI on Li (g) and for calculated SEI on Li (h). The slope of the d1 / dV
against v in d—f is termed as rate of differential conductance. i, CE of LillCu cells. Left
inset: CE curve at higher magnification of the initial 20 h. Right inset: CE curve at higher
magnification from 40 h to 50 h. Average CEs are from ten cycles. j, Long-term cycling
stability of LilINMC811 cells in LCE, PLHCE, HCE and LHCE electrolytes. Error bars in
(a—c) show the reproducibility of measured I — V" curves.
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Fig. 4 |. Dependence of microstructure of Li depositson 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, d1 /dv — Vv curves of the SEI on Li formed in those four electrolytes, where the slope of
dI / dv as a function of v is termed as rate of differential conductance. Scale bars, 5 um in

(a,c) and 5 nm (inset in b).
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Fig. 51. Correlation between SEI structure and its electrical property.
a, Atomic structure of SEI layers on the Li deposits formed in LCE, PLHCE, HCE and

LHCE. Scale bars, 5 nm. b, SEI thickness as a function of the critical field strength

of the SEI on Cu and Li, indicating the SEI layer thickness decreases with increasing
critical field strength. ¢, Measured bandgap of the SEI layer on Li for different electrolytes,
demonstrating bandgap decrease from the SEI surface towards Li interface. The stars
represent individual data points, and the circle signifies the mean. d, Snapshots of samples
for four electrolytes reacting with Li metal in 7 — v curve calculations (E/A ratio is 2.79;
simulation time is 253 ps).
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