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Figure 1. Schematic of four different transport mechanisms
which have been suggested to cause long-term SEI growth. a)
Solvent diffusion through small SEI pores. b) Electron tunneling
through a thin and dense inner SEI layer. c) Electron conduction
through the SEI. d) Diffusion of neutral Li-interstitials through
the SEI. The SEI formation reaction takes place at different in-
terfaces depending on the mechanism, marked yellow/red.

Abstract: Continued growth of the solid electrolyte interphase
(SEI) is the major reason for capacity fade in modern lithium-
ion batteries. This growth is made possible by a yet unidentified
transport mechanism that limits the passivating ability of the
SEI towards electrolyte reduction. We, for the first time, differ-
entiate the proposed mechanisms by analyzing their dependence
on the electrode potential. Our calculations are compared to
recent experimental capacity fade data. We show that the po-
tential dependence of SEI growth facilitated by solvent diffu-
sion, electron conduction, or electron tunneling qualitatively
disagrees with the experimental observations. Only diffusion
of Li-interstitials results in a potential dependence matching to
the experiments. Therefore, we identify Li-interstitial diffusion
as the cause of long-term SEI growth.

Despite all recent advances, lithium-ion batteries still suf-
fer from continued capacity fade which ultimately limits bat-
tery lifetime. A multitude of processes contribute to the
capacity fade. These mechanisms depend on operating con-
ditions as well as on battery chemistry. However, generally,
anodic side reactions are found to be the main contributor
to capacity fade.1,2 These reactions reduce electrolyte com-
ponents, e.g., ethylene dicarbonate (EC), while irreversibly
consuming cyclable lithium. They proceed rapidly on a pris-
tine electrode until they are suppressed by the solid elec-
trolyte interphase (SEI). SEI is a thin film which covers the
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electrode surface and consists of insoluble products of anodic
reactions.3–8

Atomistic simulation methods cover the short-term SEI
formation occurring during the first few battery cycles (see
Bedrov et al.9). After this formation stage, the long-term
SEI growth rate is limited by the rate at which SEI pre-
cursors traverse the SEI. The transport mechanism enabling
this flux is referred to as the long-term growth mechanism
(LTGM). Even though numerous publications discuss long-
term SEI growth10–21 , the LTGM has not been identified.
Several different LTGMs are suggested and studied with con-
tinuum models as depicted in fig. 1.

a) Diffusion of solvent/salt molecules/anions through nano-
sized SEI pores.10–12,16,17

b) Electron tunneling through a dense, inner layer of the
SEI.12,13

c) Electron conduction through the SEI.12,14–18

d) Diffusion of neutral lithium interstitials (LiI).17,22

Importantly, these four mechanisms predict a similar evo-
lution of long-term capacity fade. Besides electron tunnel-
ing, all mechanisms directly result in the experimentally ob-
served

√
t dependence of capacity fade. Electron tunnel-

ing predicts a ln t dependence which fits reasonably well to
the
√
t behaviour if another contribution linear in time is

added.14,23 Such a term can be attributed to multiple pro-
cesses which we discuss below.

Therefore, additional dependencies must be studied in or-
der to identify the correct mechanism (or to rule out others).
For this reason, we have introduced a SEI model predicting
SEI morphology in previous studies.16,17 If SEI porosity and
thickness is measured, e.g., with neutron reflectometry,24

our model offers an alternative feature to compare and val-
idate SEI theory with experiments. Furthermore, we used
our models to compare different LTGMs and their response
to small porosity fluctuations. Based on this comparison, we
concluded that solvent diffusion is unlikely to be LTGM.17

In this paper, we finally identify the LTGM by comparing
the rate of SEI formation at different electrode potentials
to experimental capacity fade data. This dependence has
already been used by Tang et al.12 to rule out solvent diffu-
sion as possible LTGM. We, however, perform a more com-
prehensive comparison with more recent experimental data
provided by Keil et al.1,2

The capacity fade of commercial NCA cells has been mea-
sured during long-term open circuit storage.1,2 Individual
cells were stored at one of 16 different states of charge (SoC),
each corresponding to a specific anode potential. These cells
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were stored for 9.5 months at 50oC. As capacity fade dur-
ing open circuit storage leads to self-discharge, checkup se-
quences were regularly performed. After these sequences,
the SoC referenced to the current cell capacity reached its
initial value. The complete measurements are presented in
fig. 8 of ref. 2. They provide a unique opportunity to com-
pare all plausible LTGMs with respect to the emerging po-
tential dependence.
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Figure 2. Simulation of a storage experiment with 60% initial
SoC and four checkup cycles (LiI-diffusion as the LTGM). a) Evo-
lution of SEI thickness L and the relative capacity of the cell. b)
Evolution of the SoC referenced to the original cell capacity and
U , the corresponding anode potential vs. Li/Li+. Jumps in SoC
and U correspond to checkup sequences which were part of the
experimental procedure. The dash-dotted lines show the evolu-
tion of these quantities if the SoC/electrode potential is assumed
constant.

To this aim, we formulate a model and simulate the evolu-
tion of the irreversible capacity Qirr and the SoC of a single
battery during the experiment. The full model is derived
in the electronic supporting information (SI). An example
simulation is presented in fig. 2. During storage, the SEI
thickness increases while the relative capacity (RC) of the
cell decreases, see fig. 2a. In fig. 2b we show the evolu-
tion of the SoC which decreases smoothly. Note that in this
paper we reference the SoC to the capacity of a fresh cell.
With this definition, the SoC increases during the periodi-
cally performed check-up sequences, but does not reach its
initial value. Also shown is the corresponding potential of
the negative electrode U . We determine this potential for a
given SoC with the OCV measured by Keil et al.,1 shown in
fig. 3a.

In our model we assume that capacity fade is the sum
of two distinct contributions, Qirr = QSEI

irr + Qlin
irr . The for-

mer part QSEI
irr includes the amount of lithium that is ir-

reversibly consumed by SEI formation during the storage
experiment. It is directly coupled to the SEI thickness and
the rate ∂tQSEI

irr can have a strong dependence on the anode
potential, depending on the LTGM assumed. For the latter
part Qlin

irr we assume no such dependence. This contribution
is assumed to increase at a constant rate in time and fac-
tors in various mechanisms, e.g., rapid reformation of SEI
due to cracks and delamination of the existing film. Cracks
and delamination of SEI occur during the periodic checkup
sequences. Such physical stress also causes electrode parti-
cles to loose contact to the current collector which causes an
irreversible loss of lithium.
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Figure 3. a) Open circuit voltage of the negative electrode
gained by averaging the lithiation and delithiation voltages (half
cell, cycled at C/20). b) Experimentally obtained relative capac-
ity after 9.5 months of storage (crosses) compared to that pre-
dicted by four different LTGMs (lines).

We now simulate the storage experiment using different
initial SoCs with each of the SEI formation mechanism men-
tioned above. The capacity fade from these simulations is
compared to the experimentally measured one in fig. 3b.
The SoC dependence of the relative capacity is evident and a
correlation to the potential of the negative electrode (shown
above) can be made out with the naked eye. Capacity fade
experiences a significant increase at SoCs larger than 60%
which correlates to the potential step of the OCV. Further-
more, capacity fade remains nearly constant in SoC regions
which correspond to the voltage plateaus of graphite.

As elaborated above, we split capacity fade into two con-
tributions. During storage every cell looses the same amount
of charge to processes summarized in Qlin

irr . This contribution
is independent of the SoC and serves as a baseline for the
relative capacity in fig. 3b (dotted line). In addition, QSEI

irr , is
lost to continued SEI formation. This contribution depends
on the RTLM assumed and features a SoC dependence.

It is evident that SEI formation facilitated by solvent dif-
fusion does not depend on the potential and cannot repro-
duce the experimental data. Both, electron conduction and
electron tunneling lead to a potential dependence, but it
does not agree with the experiment. These mechanisms fail
to reproduce the pronounced change of the relative capacity
at 60% SoC. Instead, they predict a high potential sensitiv-
ity at SoCs between 0 and 20%.

LiI diffusion is the only LTGM that predicts capacity fade
in excellent agreement with the experiment. This agreement
is due to the exponential dependence of capacity fade on
electrode potential, see eq. (6d). LiI diffusion correctly de-
scribes the capacity fade increase between 10 and 30% SoC
as well as the one between 50 and 70% SoC. Small deviations
between this model and the experiment are only present at
zero SoC and at high SoCs.

We attribute the deviation at zero SoC to the mismatch
in electrode areas. Because the coated anode area is larger
than the coated cathode area, an overhang area of the an-
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ode has no opposed cathode counterpart. The overhang an-
ode acts as a lithium reservoir at small SoCs. We expect
a capacity increase of ∼1% due to overhang anode at zero
SoC as elaborated in the SI. Taking this into account re-
sults in a good agreement with the measured capacity at
zero SoC. We attribute the high SoC mismatch to two ef-
fects. Because the overhang anode area accumulates lithium
during battery storage at low anode potentials, cell capac-
ity is reduced. Most importantly, high SoCs correspond to
high cathode potentials which enable electrolyte oxidation
reactions. These reactions increase the amount of cyclable
lithium in the cell.25 Modeling these partially counteracting
effects is beyond the scope of this work. Therefore, small
deviations between our model and the experiment are to be
expected at high SoCs.

Now, we evaluate if alternative parameter choices can im-
prove the agreement between electron conduction / electron
tunneling and the experiment shown in fig. 3b. The first
option is to assign a potential dependence to one essential
model parameter. For instance, the electron conductivity κ
for electron conduction or the parameter δ for e− tunnel-
ing, see Li et al.13 However, this seems highly speculative
if no physical explanation is given. We choose another ap-
proach. Both mechanisms are highly sensitive to the SoC
if the corresponding anode potential is close to Φ0, the on-
set potential of SEI formation. Therefore, it is possible to
increase the sensitivity at 60% SoC by lowering Φ0. We ex-
plore this option in the SI, showing that, theoretically, both
LTGMs are able to predict the pronounced relative capacity
drop at 60%, see fig. SI-1. However, in turn, they no longer
predict a capacity drop at 30% SoC. Most importantly, the
required values for Φ0 are far below any value reported in
literature.6,26

To conclude, we compare SEI growth based on four
longâĂŘterm growth mechanisms (LTGM) to an experimen-
tal study. Only LiI diffusion results in a promising agreement
with the experiment which makes it a very likely candidate
for the LTGM. Solvent diffusion does not reproduce a SoC
dependence and is very unlikely to be the LTGM. Both,
electron conduction and electron tunneling predict a SoC
dependence but it does not agree with the experiment for
any reasonable choice of parameters.

Computational Methods We now derive a simplified
capacity fade model which applies to neutral LiI diffusing
towards the SEI/electrolyte interface. Li-ions take up an
electron at the electrode and release it at the SEI/electrolyte
interface for electrolyte reduction. The following derivation
applies to alternative carries of negative charge as well. The
full model used to create the data in fig. 3b is presented
in the SI. We assume that the SEI is a homogeneous film
that spans from x = 0 (electrode/SEI interface) to x =
L (SEI/electrolyte interface). SEI thickness L is directly
related to QSEI

irr via

L =
V

s

QSEI
irr

AF
+ L0, (1)

where V is the mean partial molar volume of the SEI and
s is the mean stoichiometric coefficient of LiI in the SEI
formation reaction. L0 is the SEI thickness at the start of
the experiment and A is the surface area of the negative
electrode.

The LiI diffusion flux in the SEI is given by Fick’s law (in

units of A/m2),

jLiI
SEI = −FDLiI · ∇cLiI

≈ −FDLiI ·
cLiI |x=L − cLiI |x=0

L
. (2)

The approximation in the second line is possible be-
cause SEI is homogeneous and reactions take place at the
SEI/electrolyte interface only. This is also true if the SEI has
nano-sized pores, as we have shown in previous works.16,17

Note that we do not specify the diffusion pathway. Inter-
stitials could diffuse through the bulk SEI, pass through
a selected SEI compound, or move along nano-sized SEI
pores. The LiI flux directly induces capacity fade, i.e.,
∂tQ

SEI
irr = AjLiI

SEI. Together with eq. (1) and eq. (2), this
yields a differential equation for QSEI

irr

∂tQ
SEI
irr =

A2sF 2D

V

cLiI |x=0 − cLiI |x=L

QSEI
irr +QSEI

irr,0

, (3)

where QSEI
irr,0 = sAL0F/V is the capacity corresponding to

L0.
Next, we determine the LiI concentration at x = 0 and x =

L. At the electrode/SEI interface, interstitials are injected
into the SEI. We assume that injection is a fast process and
that graphite is in thermodynamic equilibrium with the SEI
across the interface

µLi
LixC6

= µLiI
SEI

= µLiI
SEI,0 +RT ln

cLiI |x=0

cLiI,max
. (4)

cLiI,max is the maximal interstitial concentration. µLiI
SEI,0 is

constant and can be determined with DFT methods. This
has been done by Shi et al.22 for a Li2CO3 host lattice. The
electrochemical potential of Li in the electrode is equal to
−FU .27,28 Thus, we can express the interstitial concentra-
tion at the interface as

cLiI |x=0 = cLiI,0 · exp

(
− FU

RT

)
, (5)

where cLiI,0 is the interstitial concentration at U = 0V. cLiI,0

is a model parameter and absorbs all constant contributions
in eq. (4). At the SEI/electrolyte interface lithium intersti-
tials do not accumulate. Instead, they are consumed by the
fast SEI formation reaction, i.e., cLiI |x=L = 0. This is the
assumption of transport limited growth.

Equation (3) can be solved analytically in the simplified
case of constant electrode potential. We illustrate the accu-
racy of this assumption in fig. 2. Note that we solve our full
model numerically without it. Similar equations are derived
for electron conduction and solvent diffusion in eqs. (SI-3)
and (SI-4) of the SI. The corresponding solutions in the or-
der solvent diffusion, e− tunneling, e− conduction, and LiI
diffusion are

QSEI
irr = AΓ

√
FDECcEC ·

√
t+ τ −QSEI

irr,0, (6a)

QSEI
irr = A · α(SoC) · ln

[
1 + β(SoC) · t

]
, (6b)

QSEI
irr = AΓ

√
κ
(
Φ0 − U(SoC)

)
·
√
t+ τ −QSEI

irr,0, (6c)

QSEI
irr = AΓ

√
FDLiIcLiI,0e

−FU(SoC)
RT ·

√
t+ τ −QSEI

irr,0. (6d)

Here, Γ equals
√

2sF/V and τ is determined by the initial
SEI thickness L0(QSEI

irr,0) through the requirement QSEI
irr (t =

0) = 0. Equation (6b) is the electron tunneling model de-
rived by Li et al., see eq. 30 in ref. 13. We list the model
parameters in table SI-2 in the SI.29–32
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We want to highlight another way in which electron tun-
neling differs from the other LTGMs. It is the only mecha-
nism for which time dependence and SoC dependence cannot
be separated. This means that QSEI

irr cannot be written in the
form f(SoC) · g(t), see eq. (6). Therefore, for electron tun-
neling, the qualitative shape of the predicted RC in fig. 3b
depends on the time it is evaluated at. This behavior is not
observed in the experiment.1
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