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The solid-electrolyte interphase (SEI) that forms on lithium
ion battery (LIB) anodes prevents degradation-causing
transfer of electrons to the electrolyte. Grain boundaries
(GBs) between different SEI components, like LiF, have
been suggested to accelerate Li™ transport. However,
using the non-equilibrium Green’s function technique with
density functional theory (NEGF-DFT), we find that GBs
enhance electron tunneling in thin LiF films by 1-2 orders of
maghnitude, depending on the bias. Extrapolating to thicker
films using the Wentzel-Kramers-Brillouin (WKB) method
emphasizes that safer batteries require passivation of GBs
in the SEI.

Reliable energy storage is one of the most pressing issues in
electrification of transportation, implementation of renewable en-
ergy sources into the grid, and the continued demand for con-
sumer electronics.!' In secondary (rechargeable) batteries, the ac-
tive ions (e.g., Li ions) will shuttle between the anode and the
cathode through the electrolyte. The charge is compensated by
electrons shuttling between the anode and the cathode via the
external circuit. In other words, the electrolyte needs to be highly
conductive to ions while being insulating to electrons.

As the electrolyte comes in direct contact with the an-
ode/cathode, or under the action of long-range electron transfer,
electrons move to/from the former, thereby reducing/oxidizing it
and resulting in electrolyte decomposition. This is managed by
the formation of the solid-electrolyte interphase (SEI) or cathode-
electrolyte interphase (CEI) layer. The SEI/CEI is a complex ag-
glomeration of decomposed electrolyte species that deposit on the
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anode/cathode forming a passivation layer, with cross-talk possi-
ble.' We focus on the anode.

The region of SEI closer to the anode is typically made up of
inorganic compounds, while the region closer to the electrolyte is
made up of organic compounds.® This layered structure is in fact
inevitable for reactive anodes like Li metal, which reacts with or-
ganic SEI components.” Since the SEI is made up of a multitude
of chemical compounds, there is great variability in its ability to
protect the anode and electrolyte from degradation, which is not
yet well understood. In particular, the solid-solid interfaces be-
tween different inorganic SEI components have been suggested
to enhance LiT transport, % but their electron leakage properties
have not been explored. This provides the impetus for fundamen-
tal studies to understand the structure-electron blockage function
relationships of the SEI components, defects, and interfaces, and
facilitate the rational design of advanced batteries.

Some measurements of the aggregate electronic resistivity of
composite SEI films have been reported. 19 Theoretical under-
standing of the conductivity contribution from individual SEI
components will help interpret such data. 4-5 nm thick, defect-
free crystalline inorganic SEI films have been predicted to stop
electron tunneling. 212 However, SEI interfaces, extended defects,
and grain boundaries (GBs) may drastically reduce passivation
capability. For example, artificially grown SEI components like
LiF, known to be a good insulator,2? yield less-than-ideal passi-
vating properties due to the microstructure.¥ Lithium dendrites
are known to materialize inside pores and cracks of ceramic solid
electrolytes. 1>

Computationally, lithium metal atoms and clusters have been
predicted to form at LiF and Li,O GBs,1® inducing passivation
breakdown via lithium diffusion. Another mechanism commonly
associated with electron leakage is ballistic “tunneling” through
homogeneous SEI model films. The tunneling probability as
the SEI thickness varies has been estimated using the Wentzel-
Kramers-Brillouin (WKB) approximation.?12 However, WKB is
not designed to deal with SEI inhomogeneities discussed ear-
lier, especially extended defects like GBs. The non-equilibrium
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Green’s Function coupled with Density Functional Theory (NEGF-
DFT) technique, while computationally expensive, is the method
of choice to predict electron transport through media with atomic-
length scale inhomogeneities.1Z So far, NEGF has been applied
to study electron conductivity through electrolyte molecules and
nanocrystals of SEI components. 189 These have been proof-of-
principle calculations; the SEI film is a dense solid, not a cluster
residing in vacuum, and if excess e~ reaches a solvent molecule,
the latter would be reductively decomposed. The present work
builds off of these advances, culminating in in a formalism and a
prototype model that arguably lays the foundation for quantita-
tive studies of electron leakage through SEI defects.

We employ state-of-the-art NEGF-DFT to calculate the elec-
tronic conductance through GBs that connect LiF grains
[Fig. [I{(c,d)]. Our approach advances the field beyond what has
been done in the following ways. i) The NEGE-DFT method allows
us to obtain the non-equilibrium (current-voltage) electron trans-
port characteristics. ii) The models used consist of bulk systems
rather than isolated molecules/nanostructures, which are more
representative of an SEI environment. iii) The effects of inho-
mogeneities (GBs) on the conductivity of SEI componentsi® are
investigated in systems with up to 1,000 atoms. Although the SEI
films that can be represented at this size remain thin (on the or-
der of 10 A), this computational approach represents the most
promising method to make quantative contact with measure-
ments. By comparing two systems sandwiched between metal
Li electrodes and calculating the electrical conductance, one with
GBs and the other with pristine LiF, we highlight the importance
of defects in SEI passivation breakdown and make contact with
WKB theory, which has been applied previously in this field.

The LiF crystal was prepared in the rocksalt crystal structure
and fully relaxed with the Vienna ab initio simulation package
(VASP) 2921 Wwe used the projector augmented wave potentials22
with the Perdew-Burke-Enerzerhof generalized gradient approx-
imation (PBE-GGA).23 The energy cutoff was 500 eV and the
cells employed sufficient k-points for the energy to be converged
within 1 meV/atom. The relaxations were continued until forces
on atoms were less than 0.02 eV/A. We have not calculated the
electronic voltage of this system; however, previous DFT model-
ing of lithium metal/LiF (001) interfaces, with and without GBs,
are found to exhibit nearly 0.0 V vs. Lit/Li(s) without the need
to impose additional electric double layers.1©

Since LiF is harder than Li, the two-probe structures were built
such that the LiF preserved its crystal structure (with a lattice con-
stant of 4.11 A) while the Li was strained to accommodate the lat-
tice mismatch.2% The strain along any axis in either system (with
and without GBs) was less than 1% The two-probe structures in
Fig. [1] were built by first relaxing a periodic structure containing
(strained) crystalline Li and crystalline LiF separated by an inter-
mediate Li region, and then extending the crystalline Li to form
semi-infinite electrodes to the left and right of the LiF region (see

« Note that this strain on the Li did not appreciably affect its electrical conductance
properties. We tested the conductance of strained vs. unstrained Li, which gave
nearly identical results (See Fig. S1, ESI').
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Fig. $2 and corresponding text, ESI"). The GB-containing LiF sys-
tem is based on a structure from the literature, 13116

We calculate the electronic conductance using the NEGF-DFT
code Nanodcal.2226' A central construct in NEGE-DFT is the re-
tarded Green’s function,

G(E)=[ES—H—% — %]}, €))

where H and S are the Hamiltonian and overlap matrices for the
central region of the two-probe structure, calculated by DFT. X1 g
are self-energies that account for the effect of the left/right elec-
trodes on the central region; these are complex quantities with
their real part representing a shift in the energy levels and their
imaginary part representing the broadening, which can also be
represented as the linewidth matrix, I g = i(Xr — ZLR). The
self-energy is calculated within the NEGF-DFT formalism by an
iterative technique.?Z The electronic density matrix can be calcu-
lated from these quantities as,

1

P:%

/ m[f(E, u)GILG' + f(E, ug)GT'RG|dE, @)
where yp g are the electrochemical potentials of the left and right
electrodes and the Fermi-Dirac function describes the probabil-
ity of occupying a single-particle orbital with a given energy at
a specified electrochemical potential. The bias voltage between
the two electrodes is given by, eV}, = u, — ug. The density ob-
tained from the above equation is used in a subsequent NEGF-
DFT iteration step and the cycle is repeated until self-consistency
is achieved in terms of the Hamiltonian and electron density. The
transmission function is then obtained from the Green’s function,

T(E,V,) = Tr(TL.GIRG"), 3)

which represents the probability that an electron with a given en-
ergy, E, transmits from one electrode through the central region
into the other electrode. The current for a given bias, V;,, can then

be calculated with the Landauer-Biittiker equation2®,

2e [*
(W)= —

[ TEWE L) - fEmE @

The transmission spectra, T(E), for the two Li-LiF-Li systems
without and with GBs are shown in Fig. [2(a) and [2(b) on linear
and logarithmic scales, respectively. Both LiF systems are insu-
lating to electron transport, having band gaps larger than 4 eV
and 3 eV for the pristine LiF and the LiF with GBs, respectively.
This is manifested by the low transmission near the Fermi level,
E, of the Li metal electrodes [dashed line in Fig. [2(a)]. How-
ever, the system with GBs has its conduction band at a lower
energy, resulting in a larger transmission function tail passing
through Eg, which can be seen when plotting transmission on
a logarithmic scale [Fig. b)]. The conductance of the pris-
tine LiF is 4.35 x 107> Gy while that of the LiF with GBs is
greater by more than one order of magnitude, 8.28 x 10~* Gy
(Go = 2¢*/h =~ 71.5 uS, the quantum of conductance). Note that
these quantities are normalized to the lateral cross section of each
system. It should be pointed out that these NEGF-DFT calcula-
tions are affected by the known limitations of PBE/DFT, namely
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Fig. 1 LiF structures considered in this work sandwiched between Li metal electrodes. (a) Side and (b) end views of pristine LiF; (c) side and (d) end
views of two LiF grains separated by grain boundaries. The LiF regions are 2D periodic in the plane perpendicular to the electron transport direction

(orange arrow).

the band gap being underestimated. However, we have found
that excellent agreement with experiment can still be obtained
when relative comparisons are made, 172983 which is the ap-
proach taken in the present work.

To get a better insight into this result, the real space scattering
states are investigated. These represent the wave function of an
electron as it transmits (tunnels) through the central region from
one electrode to the other. The scattering states at 1.7 €V are plot-
ted for the pristine LiF and LiF with GBs in Fig. [2(c) and [2(d),
respectively. For the pristine LiF [Fig. [2J(¢)], the scattering state
does not penetrate through the LiF, meaning the electrons do not
tunnel well through this barrier. In contrast, the LiF with GBs
[Fig. [2(d)] has scattering states that extend through the LiF re-
gion, permitting electrons to tunnel from one Li electrode to the
other, through the LiF. It is noteworthy that the scattering state
follows the GB, which reveals the path of least resistance in these
systems.

We next consider the non-equilibrium electron transport prop-
erties of the LiF systems. We emphasize that such calculations,
away from zero bias, are unique to NEGF. The current-voltage (I-
V) relationship was calculated using Eq.[4 and is shown in Fig.
As expected, the system with the GBs (heterogeneities) would
conduct nearly two orders of magnitude more current at a given
bias compared to the pristine (single-crystal) LiF system. It is
interesting to note that, at low bias, the I-V characteristics are
linear, though they drastically increase at voltages greater than
2V, corresponding to the inclusion of the conduction band in the
bias window (see Fig. S3, ESI?). In battery terms, a positive bias
corresponds to a voltage negative of 0.0 V vs. Lit/Li(s), which

is seen to strongly enhance electron leakage through this model
SEIL

A GB-enhancement of transmission coefficient of two orders of
magnitude would not strongly affect e~ blocking properties if the
surface density of GB is low. However, this enhancement was
computed for a ~10 A thick LiF film. To effectively block elec-
trons, inorganic, crystalline SEI films need to be > 4 nm thick.2
Since such system sizes are not currently accessible with NEGF-
DFT, we next apply the simplified WKB approximation used in
Ref. [2]to extrapolate ¢~ leakage in thicker films:

ket o< exp[—Z\/mR/m ©)

Here k; is tunneling probability, me is the electron mass, Eger is
the energy difference between the conduction band edge and the
Fermi level, 7 is Plank’s constant divided by 2z, and R is the film
thickness.

Eofiset is estimated from the local density-of-state plot in Fig. S4
(ESI") which is based on the the highest AE in the insulating LiF
region; it is 1.63 eV and 2.93 eV with and without the GB, re-
spectively. Fig. S4 also shows that the LiF/Li interfaces are not
step-functions electronically speaking. To estimate the effective
thickness R, assumed to be the same in both cases, we fit the ratio
of transmission coefficients with/without GB as a function of the
applied bias. R=6.5 A gives a reasonable fit (see Fig. S5, ESI").
With the two sets of {R, Eqfset}, Eq. [5] predicts that a 4-nm thick
film of LiF with GBs would have a conductance 5.5x107 times
greater than pristine LiF of the same dimensions at Vy,;,s=0 V. This
rises to a factor of 4.0x10° at Vi;,s=1 V. While these are order-
of-magnitude estimates, they emphasize that even a low GB den-
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Fig. 2 Transmission spectra of the LiF systems on (a) linear and (b) logarithmic scales. The red and blue arrows illustrate the transmission at 1.7 eV
for the LiF without and with grain boundaries, respectively. The scattering states at 1.7 eV are plotted in real space for these systems in (c) and (d).
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Fig. 3 Current density as a function of bias voltage for LiF without and
with grain boundaries.

sity is sufficient to significantly degrade the ¢~ blocking property
of SEI films when accounting for the reduced capacity of GBs to
prevent electron transport. Note that Ref. considered only Li
atom transport as a way of electron leakage, and found that this
mode of electron leakage works for grain boundaries in Li,O but
not LiF because LiF is a “negative electron affinity” material. We
concluded that LiF is a good SEI component for electron blocking
even if it has extended defects in Ref. The present work shows
that that conclusion was premature because we did not consider
ballistic electron transport through these defects, which greatly
enhance leakage through LiF grain boundaries. Therefore, for
a given surface area of LiF, the presence of defects such as grain
boundaries would dramatically increase the rate of electrolyte de-
composition compared to pristine (defect-free) LiF.

In the future, our NEGF approach should be extended to thicker
SEI films and different defect structures, and phonon dissipation
terms should be included, to obtain predictions of SEI ¢~ block-
ing properties more quantitative than is possible with the WKB
method. Additionally, this analysis can be applied to the mul-
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titude of other SEI components, which include other inorganic
(e.g., LipO) as well as organic (e.g., lithium ethylene decarbon-
ate) species. This work highlights the importance of developing
next-generation NEGF codes for battery applications.

In conclusion, we performed large-scale NEGE-DFT electron
transport calculations on GBs in LiF, which are models for ex-
tended defects in lithium-metal-passivating SEI films in lithium
ion batteries. Pristine (single crystal) LiF was also considered to
provide comparison. While both systems were about 1 nm thick
and were insulating, the LiF with GBs was an order of magnitude
more conductive than the pristine system. Scattering state analy-
sis confirms that the electrons can effectively leak along the GBs.
Using the WKB approximation, parameterized DFT band align-
ment and NEGF calculations, the GB region is found to exhibit
conductance 7-9 orders of magnitude higher than pristine LiF in
what would be an inorganic SEI thickness of at least 4 nm. These
results highlight the important role that heterogeneities can play
in the performance of the SEI during battery operation, and pro-
vide insights into how current leakage can be mitigated. They
pave the way for future investigation of other grain boundaries
and defects in other SEI materials, and inclusion of dissipation
effects.
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