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our simulation by choosing EA accordingly. Therefore the scale factor
kf is not used below (kf = 1).

Whether reactions are fast or slow depends on the overpotential at
the front. This overpotential does not remain constant during the evo-
lution of the SEI. It decreases because the electronic current through
the SEI decreases as the SEI becomes thicker, see Eq. 27. The reactions
become slower due to the decreasing influx of electrons. Therefore,
the SEI front becomes wider during SEI formation.

Numeric convergence.—We find that the grid resolution necessary
to obtain well converged simulations depends on the shape of the SEI
front. Any “kink” in this profile (such as visible in Fig. 3b for kf = 10
at x ≈ 0), needs to be resolved sufficiently well. If not, the specific
surface area will have an almost singular point because it is a function
of the second spatial derivative of the porosity profile, see Eq. 22. Not
only is this situation costly to solve numerically, it also influences the
SEI porosity and growth rate by a few percent. However, we observe
a directed and fast convergence of these quantities when the grid
parameter becomes small enough. For example, when comparing two
porosity profiles of the same simulation, performed with different grid
parameters (2 and 0.66 pm), the largest difference inside the SEI is
approximately 10−5.

Simulation Results

This section contains four subsections which address potential
scenarios of SEI formation. We begin with our reference scenario,
the formation of a chemically homogeneous SEI before discussing
growth scenarios with higher complexity. Then, we study dual-layer
SEIs obtained by adding a second SEI formation reaction. We pro-
ceed by taking mechanical properties of the SEI into account so that
solvent diffusion can become rate-limiting. Finally, we discuss how
the form of the rate limiting transport mechanism affects observable
quantities. In this way, we increase the model complexity step-by step
and systematically predict SEI properties based on specific sets of
assumptions.

Single-layer SEI.—In this section, we study SEI formation assum-
ing an inert co-solvent. This means that SEI formation is represented
by a single reduction reaction, i.e., the reduction of EC to Li2EDC,
see Reaction I. We are able to derive analytic expressions for our
primary results in this reference scenario. Our simulations start with a
nearly uncharged graphite electrode which is charged to �E = 0.1 V
in the first 20 hours of the simulation. The electrode potential is then
kept constant, simulating long-term storage under open-circuit condi-
tion. Fig. 4a shows the temporal evolution of the corresponding SEI
volume fraction. We observe the formation of a porous film which
gradually becomes thicker in our simulations. SEI formation occurs
at the SEI front, shown in Fig. 3, indicating that electron conduction is
the rate-limiting transport mechanism. No reactions take place inside
the SEI where porosity remains constant in time. Both, the rate of SEI
growth and the SEI porosity depend on the simulation parameters. We
study this parameter dependence below, where we refer to the average
porosity of a specific simulation as ε∗ = 1 − ε∗

SEI.

Thickness evolution.—The formation of SEI species is located at
the front of the film and thus causes lateral growth. Therefore electron
conduction is limiting the rate of SEI growth. This is reflected in the
SEI potential which increases linearly from �E to �0

EC at any given
time, shown in Fig. 4b. The electronic current jE within the SEI is
constant and electrons are transported from the electrode to the SEI
front. We use this observation to approximate the electronic current
jE through the SEI

jE(x) = −κ(εSEI(x))∇�(x) ≈ −κ∗ �(L) − �(0)

L
,

≈ −κ∗ �0
EC − �E

L
, [27]

Figure 4. (a) SEI volume fraction εSEI(x, t) at various times of the simulation.
Note the different scaling of the x-axes to highlight the initial SEI profile. The
dashed line is a profile from a simulation where neutral lithium interstitial
diffusion has been used as the rate-limiting transport mechanism. (b) Potential
�(x, t) and, (c) relative solvent concentration cEC(x, t) (c0

EC = 4.5 mol l−1).

where κ∗ = ε∗1.5
SEI κBulk. We can couple this current directly to the

evolution rate of the SEI thickness L ,

∂L

∂t
= V̄ Li2EDC

SEI

2

1

ε∗
SEI

(− jE)

F
, [28]

where the first fraction takes the density of the SEI material and the
stoichiometry of the formation reaction into account. The second frac-
tion factors in film porosity. Finally, the Faraday constant F converts
the current density into a particle flux density.

Using approximation 27 in Eq. 28 results in a first order differential
equation for L . The solution

L(t) =
√

κ∗��ECV̄ Li2EDC
SEI

ε∗
SEI F

√
t, [29]

depends on the mean film porosity ε∗, which is not a parameter but
a result of our simulation. The parameter dependence of this value
is very complex and will be discussed later. Eq. 29 has the well
known

√
t dependence of transport limited growth. We observe this

time dependence of SEI thickness in our simulations, see Fig. 5a.
The expression agrees well with simulation results as shown on the
right side of this figure. Small derivations can be linked to the offset
between �(L) and �0

EC. However this error is in the order of few mV
and small compared to ��EC = �(L) − �0

EC ≈ 700 mV.
As seen in Eq. 29, only a few parameters influence the growth rate

directly. These are the conductivity κBulk, the molar volume of Li2EDC
and the applied potential �E. Other parameters, such as β and DBulk

can influence the average SEI porosity ε∗, which in turn affects the
thickness evolution. However, as shown in Fig. 5a, the influence of
ε∗ on the growth rate is small. Consequently, assuming an inaccurate
porosity in Eq. 29 only leads to minor quantitative errors.
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Figure 5. (a) SEI thickness in nm over time t (left) and
√

t (right) to illustrate
the square root of time dependence. The porosity dependence of L(t) is shown
on the left side, on the right the simulation is compared to Eq. 29 (dashed line).
(b) SEI volume fraction dependence on transport parameters κ (left) and D
(right). Crosses mark points measured in simulations, lines show predictions
by Eq. 34.

The charge which is irreversibly consumed by SEI formation is
equal to

Qirr.(t) = 2ε∗
SEI F

V̄SEI
AElec.

total L(t) = 2AElec.
total

√
ε∗

SEI Fκ∗��EC

V̄ Li2EDC
SEI

√
t, [30]

where AElec.
total is the total electrode surface area. We use this expres-

sion, to estimate the electron conductivity κBulk by comparing it to
capacity fade measurements by Broussely et al.47 For this compari-
son we use AElec.

total = 173 m2, taken from31 and assume ε∗
SEI = 0.8.

As shown in Figure 6, we obtain values of κBulk = 0.1 pSm−1 to
κBulk = 0.65 pSm−1 for T = 30oC and T = 60oC respectively. These
values agree with our previous parameterization.26 The corresponding
SEI thicknesses equal 50 and 125 nm after 450 days of storage.

SEI porosity.—As mentioned above, porosity inside the SEI re-
mains constant in time. Further EC reduction stops because the con-

Figure 6. Capacity fade according to Eq. 30 (lines) compared to experimental
data (circles and crosses).47

centration of the active solvent (EC) is too low and pores are filled
with inert co-solvent, see Fig. 4c. Diffusion fluxes of active solvent
into the pores are suppressed by the small effective diffusion coeffi-
cient D∗ = ε∗β DBulk. The formation reactions are distributed over the
front and cease on its left edge, where porosity equals ε∗. Here solvent
cannot be supplied at the same rate at which electrons reach the front,
forcing the SEI to expand laterally. Consequently, the porosity ob-
served in our simulations depends on the transport parameters of the
electrolyte (D, β, c0

EC). All parameters appearing in Eq. 29 determine
the speed of SEI expansion and influence porosity as well.

We derive an analytic expression to understand the dependence
of the mean SEI porosity ε∗ on these parameters. This requires to
apply some simplifications to the model equations. First and foremost,
reaction kinetics are assumed to be infinitely fast. This has almost no
influence on our results because SEI growth is limited by transport and
not by reaction kinetics. When the reactions are sufficiently fast, the
overpotential η is small enough to justify the approximation ηEC = 0
which implies (see Eq. 12a)

cEC = c0
ECe

F(�−�0
EC)

2RT , c′
EC,x = cEC F

2RT
�′

x , [31]

where X ′
y denotes the partial derivative ∂ X

∂y . Secondly, we simplify our
principal equations by neglecting convection. This yields

∂ε

∂t
= −V̄ Li2EDC

SEI A�rEC, [32a]

∂εcEC

∂t
= ∂

∂x
Dc′

EC,x − 2A�rEC, [32b]

0 = ∂

∂x

κ

F
�′

x + 2A�rEC. [32c]

Finally, we analyze Eq. 32b in the stationary regime (∂tεcEC ≈ 0)
because porosity and concentration changes in time are small. By
summing Equations 32b and 32c while using Eq. 31 to express c′

EC,x
with �′

x , we obtain

0 = ∂

∂x

(
cEC F D

2RT︸ ︷︷ ︸
D̃

+ κ

F︸︷︷︸
κ̃

)
�′

x .

Integration yields an expression for �′
x , relating it to the local transport

parameters

�′ = ξ

D̃ + κ̃
, resulting in, �′′ = − D̃′

ε + κ̃′
ε

D̃ + κ̃
ε′

x�
′
x − D̃′

c

D̃ + κ̃

cEC�′2
x

2RT
,

where ξ is an integration constant. When the SEI is sufficiently thick,
we can neglect terms scaling with �′2

x because �′
x is proportional to

L−1. Using this approximation in Equation 32c after inserting 32a
yields

∂ε

∂t
= V̄ Li2EDC

SEI

2

∂

∂x
κ̃�′

x

= V̄ Li2EDC
SEI

2

(
κ̃′

x�
′
x + κ̃�′′

xx

)

= V̄ Li2EDC
SEI

2

D̃κ̃′
ε − κ̃D̃′

ε

D̃ + κ̃
ε′

x�
′
x .

We now trace the porosity at a point co-moving with the left edge of
the SEI front, see Fig. 3. Here the porosity changes in time according
to

dε(L(t), t)

dt
= ε′

x

∂L

∂t
+ ∂ε

∂t
≈ V̄ Li2EDC

SEI ε′
x�

′
x

4

(
κ̃

εSEI
+ D̃κ̃′

ε − κ̃D̃′
ε

D̃ + κ̃

)
,

[33]
where the approximation for the thickness evolution Eq. 29 is used.
The porosity at this location has an attractive point. This means that
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ε will converge toward this value in time. This stationary solution
equals the mean SEI porosity ε∗ which satisfies

κ̃∗

D̃∗ = κ∗

D∗
2RT

cEC F2
= 1

2
+ βε∗

SEI

ε∗ . [34]

We compare this expression to simulation results in Figure 5b. It
describes the dependence of porosity on the transport parameters κBulk,
DBulk and β extremely well. There is a small offset between the SEI
porosity determined by the simulation and the analytic prediction.
We attribute this to the simplifications made in the derivation of Eq.
34. As we neglect electrolyte convection, the porosity predicted is
slightly too low. Much better agreement is found, when the active
solvent concentration is low and the influence of solvent convection
is small.

In summary, we predict a finite SEI porosity which we propose
to measure in appropriate in-situ imaging studies. This prediction
assumes long-term storage, consequently all samples need to be stored
for an appropriate time span before the measurement. Unfortunately,
we cannot quantitatively predict ε∗ because it depends strongly on β,
an unknown parameter, see Fig. 5b. Assuming Bruggeman coefficients
between β = 5 and β = 20 results in porosities between ε∗ = 0.002
and ε∗ = 0.2.

Neutral lithium interstitial diffusion.—In the simulations discussed
above, electron conduction is the rate-limiting transport mechanism.
Electron conduction is the most prominent among several transport
mechanisms in the solid SEI phase suggested in the literature.18,27,28

The findings for the reference scenario discussed in this section, how-
ever, are independent of the specific charge transport mechanism. In
the following, we demonstrate this by replacing electron conduction
with diffusion of neutral lithium interstitials. The latter mechanism is
proposed as a potentially rate-limiting mechanism by Shi et al.18

We add a mass balance equation for the neutral lithium interstitial
concentration cLi

∂εSEIcLi

∂t
= −div jD,Li + ṅLi, [35]

where the diffusive flux jD,Li has the same porosity dependence as
the migration flux in our standard case, see Eq. 19. This transport
equation replaces Eq. 8, which describes electron conduction. In this
way, we exchange the rate-limiting transport mechanism.

SEI profiles obtained using this mechanism share the same fea-
tures as those generated with the conduction type mechanism, see
Fig. 4a. Again, we observe the formation of a layer with nearly con-
stant porosity. Similar to above, the thickness evolution follows a

√
t

law. Analytic expressions for the thickness evolution and the poros-
ity can be derived analogously to Eq. 29 and Eq. 34, respectively.
In conclusion, SEI thickness evolution and porosity are not sufficient
to distinguish between these two charge transport mechanisms in the
solid SEI phase. Therefore, we study further SEI quantities in next
sections.

Additionally, we find that the interstitial concentrations found by
Shi et al.18 are insufficient to drive SEI formation at a reasonable rate.
For the simulation depicted in Fig. 4a we have used the proposed ≈ 107

interstitials/cm3. To obtain reasonable growth rates we used an the
extremely high bulk diffusion coefficient of 0.002 cm2/s. Alternatively,
we obtain reasonable diffusion coefficients for a higher interstitial
concentration. Such a concentration would correspond to a smaller
interstitial formation energy, approximately 200–300 meV below the
value from Shi et al.18

Dual-layer SEI.—It is well-known that the SEI is not chemically
homogeneous. Therefore, as the next step, we extend the reference
scenario by taking a second SEI compound into account. This com-
pound is either produced by co-solvent reduction (II) or by conversion
of Li2EDC (III). The onset potential for these reactions is chosen as
�0

DMC = �0
Li2EDC = 0.3 V and is below the reduction potential of EC

of 0.8 V. In these scenarios, dual-layer structures emerge, as shown
in Fig. 7. Depending on the reaction type, the two layers differ in

Figure 7. (a) SEI volume fraction evolution with active co-solvent. (b) and
(c) show the SEI volume fraction of a dual layer SEI formed with inert co-
solvent and unstable Li2EDC. These simulations differ in the choice of εcrit

SEI, see
Fig. 2.

chemistry, morphology, or both. The total SEI thickness evolves as
in the reference scenario. Both layers grow simultaneously and each
layer has its own front where the corresponding formation reaction
takes place.

Co-solvent reduction.—The volume fraction evolution of a sim-
ulation with reacting co-solvent is shown in Fig. 7a. EC reduction
proceeds as described in our reference scenario, creating a porous
layer of Li2EDC (see Fig. 4). Additionally, co-solvent is reduced at
the front of the inner layer, filling the pores of the outer layer with
LiMC. Co-solvent reduction stops when the layer is dense. It is sup-
pressed because the specific surface area vanishes when ε → 0, see
Eq. 21. Therefore, a dense layer forms next to the electrode while the
outer layer remains porous. Li2EDC and LiMC are both present in the
dense layer.

Volume mismatch between the products and reactants of the second
reduction reaction induces a convective flow of the electrolyte. This
flow carries additional solvent across the SEI front. In turn, the mean
porosity of the outer layer ε∗ decreases and the SEI becomes denser
compared to simulations with inert co-solvent, see Fig. 4a. Therefore,
our analytic expression for the porosity Eq. 34 does not predict the
porosity of the outer layer as accurately as before.

Conversion Reaction.—The SEI remains to be composed of two
layers if co-solvent reduction (II) is replaced with the conversion
reaction (III), see Figure 7b and 7c. Again, the outer layer is porous
and consists of Li2EDC. The inner layer is created by the conversion
of Li2EDC and constantly grows at its front. In this case, each layer
consists of the products of a single reaction. Compared to simulations
with active co-solvent, products of different reduction reactions are
no longer mixed in the inner layer.

The porosity of the inner layer depends on the choice of α(εSEI)
(see Eq. 16) or εcrit

SEI specifically. As described in the Model section,
εcrit

SEI determines how dense the SEI can become from accumulation
of excess volume by conversion reactions. Here we can distinguish
two cases. In Fig. 7b the critical SEI volume fraction εcrit

SEI exceeds
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Figure 8. (a) Thickness evolution of the inner and the outer layer in a sim-
ulation with active co-solvent (solid lines) compared to numerical solutions
of Eqs. 36 (dashed lines). The latter are initialized at t0 = 30 d with differ-
ent values of L I (t0). (b) Evolution of �(t) for both simulation and numerical
solutions.

the volume fraction of the outer layer. Therefore, excess volume of
the conversion reaction can accumulate locally until the SEI volume
fraction has reached this value εcrit

SEI. Further conversion reactions only
induce solid convection, thus increasing the thickness of the inner
layer and displacing the outer one. The porosity profile shown in Fig.
7c is created when εcrit

SEI is smaller than or equal to the volume fraction
of the outer layer. In this case, both layers have the same porosity.

Thickness evolution.—We now discuss the thickness evolution of
the dual-layer films. In Fig. 8a, we plot the thickness of the inner
layer and the total SEI thickness against the storage time (solid lines).
Both layers grow with the square-root of time. In this figure and the
subsequent discussion, the inner layer is formed by products of co-
solvent reduction (II). For conversion reactions (III), the situation is
qualitatively identical.

Analogously to Eq. 29, we derive analytic expressions for the
thickness evolution of the dual-layer system. The derivation below is
performed for a system with active co-solvent and the index I/O is
used for the inner/outer layer respectively, (L I + LO = L). We couple
the electronic current in each layer to its growth rate,

∂L

∂t
= − V̄ Li2EDC

SEI

2ε∗
SEI F

jE,O, [36a]

∂L I

∂t
= − V̄ LiMC

SEI

ε∗ F

(
jE,I − jE,O

)
. [36b]

We proceed to solve these equations by deriving simple expressions
for the current densities in both layers jE,i . To this aim, we discuss the
shape of the electric potential �(x) in the SEI. As explained above,
reactions occur at the layer fronts only and �(x) increases linearly
in each layer. Additionally, porosity and conductivity are constant in
each layer. We hold the electrode potential constant �(x=0) = �E .
At the SEI front, the potential is given by �(L) ≈ �0

EC.
We use this to approximate jE,i , similar to Eq. 27

jE,O = −κ∗ �0
EC − �(L I)

L − L I
, jE,I = −κBulk �(L I) − �E

L I
. [37]

If the inner layer grows, it holds

�(L I) = �0
DMC. [38]

Otherwise, we have to take into account the irreversibility of SEI
formation and demand jE,I = jE,O.

�(L I) =
(
�EC − �E

)(
1 + LO

L I

κBulk

κ∗

)−1

+ �E. [39]

�(L I) is the maximum of �0
DMC and this modified expression. To

conclude, Eq. 36 together with Eq. 37 is a coupled ODE for L and L I

which describes the thickness evolution of each layer.
According to Eq. 36, the growth rate is determined by the same

parameters as in simulations with inert co-solvent. These are the con-
ductivity κBulk, the molar volumes of SEI compounds V̄ i

SEI and the
applied potential �E. Additionally, the porosity of the outer layer ε∗

SEI
appears as an indirect parameter which has to be assumed or measured.

Fig. 8a compares the thickness evolution from numerical solutions
of Eqs. 36 (dashed) to a simulation of the full model (solid lines). The
figure shows several solutions with different initializations i.e. L I(t0)
is varied while L(t0) is fixed. When the initial values match the full
simulation, very good agreement is observed and both layers grow
with

√
t . The other curves show how the dual layer system reacts to a

different initialization. Fig. 8b shows how the ratio of the inner to the
total SEI thickness

�(t) = L I (t)/L(t), � ∈ [0, 1],

evolves in time. This ratio quickly attains the stationary value �stat and
then remains constant for the rest of the simulation. In a real battery,
� can deviate from this stationary value if the electrode potential is
varied or if the SEI is physically damaged. As illustrated in Fig. 8b,
�stat is a stationary point of �(t) and satisfies

∂�

∂t
= ∂t L I

L
− L I ∂t L

L2

!= 0 → L∂t L I = L I ∂t L .

With Eqs. (36) we can rearrange this condition into a quadratic equa-
tion in �stat

V̄ Li2EDC
SEI

2V̄ LiMC
SEI

ε∗�2
stat +

(
1+ ��DMC

ε∗1.5
SEI ��diff

)
�stat + ��DMC

ε∗1.5
SEI ��diff

= 0. [40]

�stat is the positive solution of this expression. It depends most
strongly on the electrode potential �E and the onset potential �0

i
of each reduction reaction.

The stationary value is attained after long-term storage with con-
stant electrode potential. When the electrode potential is changed, �
will deviate from the new stationary ratio. Then, further SEI growth
will be distributed such that this new stationary value �stat is attained.
This process is fast (1–2 days) when � < �stat as illustrated in Fig.
8b. In this case, the inner layer needs to become thicker. The rate at
which � converges toward �stat is slow, when � > �stat because
the inner layer cannot decrease its thickness. Instead, the outer layer
needs to grow to restore �stat. This takes longer, in part due to the sto-
ichiometry of both reduction reactions. Furthermore, electrons need
to traverse a longer distance to reach the front of the outer layer.

By using the relation L I = �stat L , we can solve Eq. 36a and obtain
an analytical expression for the thickness evolution

L(t) =
√

κ∗V̄ Li2EDC
SEI

ε∗
SEI F

��diff

1 − �stat

√
t . [41]

Most formulas in this section are not valid if the inner layer is
formed by a conversion reaction. For this system, a few changes need
to be made in the derivation above. However, these changes do not
alter the results in a qualitative way. This means that all results above
can be transferred. Eq. 41 remains valid if the correct value of �stat

is used. The only noteworthy quantitative difference is the rate at
which �(t) converges toward the stationary value. This process is
now slower when � < �stat because more electrons are needed to
expand the inner layer.

We highlight that the SEI dual-layer structure should be observable
in long-term storage experiments, e.g., in neutron-scattering imaging.
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Charge vs. solvent transport.—In the preceding sections, we dis-
cuss scenarios in which charge transport in the solid SEI is the rate-
limiting transport mechanism. Even though we model solvent dif-
fusion through the SEI pores, electrolyte transport does not become
rate-limiting. This is due to the low porosity of the SEI formed in
our simulations which makes solvent diffusion slower than charge
transport. Now we discuss how structural properties may prevent the
formation of a dense SEI. In this scenario, solvent diffusion inside
the SEI becomes faster, potentially making solvent diffusion the rate-
limiting transport mechanism. Hence we can study how SEI grows
for different rate-limiting transport mechanisms.

Structural properties can emerge from surface tensions in the
porous structure which can influence SEI morphology and porosity. In
this way, the interplay of surface energy and packing structure results
in a minimum porosity. Alternatively, small SEI particles could have
a certain tightest packing. In both cases SEI will accumulate locally
until this porosity is reached, then reactions will displace existing
particles instead of further decreasing the porosity. This effect is rem-
iniscent of the solid convection defined in the Model section. Note
that it requires deeper insights into the chemistry and structure of the
composite solid SEI material to accurately determine the minimum
porosity.

Similar to our reference scenario, we consider the reduction of EC
and assume that the co-solvent is inert. This reaction is coupled to the
solid convection velocity

εSEIdivṽ = α(εSEI) · V̄ Li2EDC
SEI · �A · rEC. [42]

Here, α(εSEI) models a smooth transition from local accumulation
to SEI displacement, see Fig. 2a. As elaborated on in the Model
section, this transition takes place at the SEI volume fraction εcrit

SEI, a
new parameter of our model. Therefore, Eq. 42 will prevent the SEI
volume fraction to exceed εcrit

SEI.
Now, charge transport and solvent transport compete. The mean

solid volume fraction ε∗
SEI inside the SEI determines the rate-limiting

transport mechanism. We distinguish two cases by comparing εcrit
SEI

with the stationary solution εstat
SEI of Eq. 34.

1. For εcrit
SEI > εstat

SEI, i.e., large SEI volume fractions, SEI formation is
not disturbed and proceeds exactly like in our reference scenario.
In this case, electron conduction is rate-limiting and the porosity
establishes itself through a balance between growth and transport
at the SEI front, see Eq. 34. Our model does not allow for a denser
structure for a given parameter set.

2. For εcrit
SEI < εstat

SEI, i.e., small SEI volume fractions, solid convection
(42) limits the SEI volume fraction. In this case, the mean SEI
volume fraction is decreased ε∗

SEI = εcrit
SEI and the SEI porosity is

increased. Therefore, solvent diffusion through the SEI pores is
accelerated and can become rate-limiting.

In summary, structural properties can only increase the mean
porosity ε∗ and accelerate solvent diffusion.

Our extended model captures the two growth mechanisms studied
in the literature. SEI can form at the electrode/SEI interface limited
by solvent/salt diffusion through the SEI.30,31 Additionally, SEI can
form at the SEI front limited by charge transport through the SEI.26–29

Below we will proof this correlation between rate-limiting transport
mechanism and reaction interface position. We are the first to find an
intermediate regime where the reaction interface is located inside the
SEI as depicted in Fig. 9. In this case, both mechanisms contribute
to the formation rate and the SEI is divided by the reaction interface
(marked red). In the inner region, electrons migrate away from the
electrode, whereas solvent molecules diffuse toward the electrode in
the outer one.

Now, we calculate the relative location �̃ = L reaction/L of this
interface. Electron and solvent transport to this location are balanced
and supply the reaction

2 jE = 2F jD,EC.

Figure 9. Schematic of self-shaping SEI growth with �̃ ≈ 0.4. The reac-
tion interface (marked red) is inside the SEI and the reaction is “fueled” by
an electronic current jE and a diffusion current of solvent jD,EC. SEI com-
pounds which form at this interface do not decrease the porosity, because
α(εSEI(�̃L)) = 1. Instead, they induce the convection velocity ṽ which causes
SEI growth.

We can approximate each flux by assuming constant porosity and a
linear progression of potential and concentration within the SEI

κ∗��EC

�̃L
≈ F D∗cEC

(1 − �̃)L
, → �̃ = κ∗��EC

D∗ FcEC + κ∗��EC
. [43]

The ratio �̃ is independent of SEI thickness L . It quantifies the relative
share of electron conduction on the rate-limiting role. Fig. 10 shows,
how �̃ depends on the effective transport parameters κ∗ and D∗.
�̃ ≈ 1 if electron conduction is the rate-limiting transport mechanism,
κ∗��EC � D∗ FcEC (top-left). Solvent diffusion is the rate-limiting
transport mechanism if �̃ ≈ 0, κ∗��EC � D∗ FcEC (bottom-right).
The intermediate regime spans from the bottom-left to the top-right.
Here, both transport mechanisms are roughly equally fast, κ∗��EC ≈
D∗ FcEC.

The transition from electron conduction to solvent diffusion limited
growth occurs when εcrit

SEI becomes smaller than εstat
SEI. Based on the

Figure 10. Relative position of the reaction interface �̃ depending on the
effective transport parameters D∗ and κ∗ according to Eq. 43. The red lines
show parameter sets with identical SEI growth rates and satisfy Eq. 45. Dashed
black lines show how two parameter sets D∗/κ∗ (marked with yellow crosses)
move when porosity is changed but κBulk is fixed. The lines end in yellow
circles where the formation rate is double (right) or half (left) of the original
growth rate.
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values discussed earlier, we conclude that 0.8 < εcrit
SEI < 0.998 would

be necessary for solvent diffusion limited growth.

Growth rate analysis.—Let us now evaluate the SEI growth rate
for this general, mixed growth scenario (see Fig. 9). Based on the
dependence of the growth rate on the material parameters, we discuss
how observable SEI properties depend on the underlying rate-limiting
mechanism. We obtain an analytical expression for the thickness evo-
lution of these SEIs, by exchanging L with �̃L in the derivation of
Eq. 29

L(t) =
√

κ∗��ECV̄ Li2EDC
SEI

ε∗
SEI F�̃

√
t,

=
√

V̄ Li2EDC
SEI

ε∗
SEI F

(
κ∗��EC + D∗ FcEC

)√
t . [44]

Comparison to Eq. 29 reveals that adding solvent diffusion accelerates
SEI formation. The

√
t-growth law is still valid as SEI growth is

limited by reactant transport.
Naturally, only a subset of the combinations of D∗ and κ∗ yields

reasonable SEI growth rates. A good measure for the growth rate is

∂L2

∂t
= L̇2 = V̄ Li2EDC

SEI

Fε∗
SEI

(
κ∗��EC + D∗ FcEC

)
[45]

which is constant in time for square-root like growth. In Fig. 10 the
red lines correspond to growth rates observed at T = 15/60 oC.26,30,48

When moving along one of these lines, �̃ increases monotonically
from 0 to 1. SEI growth is limited by a single transport mechanism, un-
less both effective transport parameters, D∗ and κ∗, are finely attuned
to one another. These cases (�̃ ≈ 1 and �̃ ≈ 0) are recovered, when
one of the effective transport parameter vanishes. If D∗ is small, elec-
tron conduction determines the growth rate and κ∗ converges toward
the values found in.26 If κ∗ is small, solvent diffusion is rate-limiting
and D∗ converges toward values found in Refs. 30,31

At this point, we want to draw first conclusions with respect to the
rate-limiting transport mechanism. As discussed earlier, SEI porosity
will attain a small value (0.002 to 0.2) in our reference scenario, where
electron conduction is the rate-limiting transport mechanism. There-
fore, the SEI volume fraction is approximately one and the growth
rate does not depend strongly on the porosity and the Bruggeman co-
efficient. Instead it is mostly determined by κBulk. This is different if
solvent diffusion is the rate-limiting. In this case the effective transport
parameter scales with ε (to the power of β) which is close to zero. This
means that D∗ depends strongly on three parameters, namely εcrit

SEI, β
and DBulk. SEI formation is a common phenomenon in lithium-ion
batteries, occurring in many different systems. The different growth
rates of these SEIs lie within two orders of magnitude, even when the
SEI chemistry is not comparable. This would imply that εcrit

SEI and β are
correlated in some way. However, we cannot find any reason why this
should be the case. Therefore, it appears unlikely for solvent diffusion
to be the rate-limiting transport mechanism.

We now study this difference from another perspective. To this
aim, we use the growth rate L̇2 and the relative location of the reac-
tion interface �̃ as parameters to label SEIs (instead of κ∗ and D∗).
The variation of the SEI growth rate with respect to small porosity
fluctuations ε∗

SEI is equal to

∂ L̇2

∂ε∗
SEI

= L̇2

[
1.5�̃ − 1

ε∗
SEI

− β(1 − �̃)

1 − ε∗
SEI

]
. [46]

We now evaluate and compare the relative variation in the growth rate
from a small porosity change �ε

�̃ → 0
�L̇2

L̇2
≈

(
1 + βε�̃→0

SEI

1 − ε�̃→0
SEI

)
�ε

ε�̃→0
SEI

,

�̃ → 1
�L̇2

L̇2
≈ 1

2

�ε

εstat
SEI

.

This variation is much larger if solvent diffusion is the rate-limiting
transport mechanism (�̃ → 0) because either β or (1−ε∗

SEI)
−1 is large.

We illustrate this in Fig. 10 where two combinations of D∗ and κ∗

are marked with a yellow cross. Both SEIs have the same growth rate
because they are located on the same red line. The difference between
these films is the rate-limiting mechanism facilitating the growth. One
is solely governed by electron conduction (�̃ ≈ 1) whereas solvent-
diffusion is limiting the other one (�̃ ≈ 0). We now apply a small
perturbation �ε to the porosity of each film. This changes the effective
transport parameters κ∗ and D∗ according to the Bruggeman relation
Eq. 18 and Eq. 19 (κBulk is kept constant). The new combination is
located on the dashed line in Fig. 10 and has a different growth rate
according to Eq. 45. The black lines end in yellow circles where the
growth rate is twice or half as large as the original one. It can be
seen that the growth rate is hardly influenced by porosity fluctua-
tions if electron conduction is the rate-limiting transport mechanism
(�̃ ≈ 1). Here, the dashed line remains close to the red one for small
perturbations. Therefore, large porosity fluctuations are necessary to
observe a significant change in the growth rate. If solvent diffusion is
the rate-limiting transport mechanism (�̃ ≈ 0), however, the dashed
line is almost orthogonal to the red one. Here, SEI formation is far
more susceptible to porosity changes and small fluctuations can alter
the growth rate by a factor of two.

Finally, we propose to probe the sensitivity to porosity fluctuations
in an experiment and identify the rate-limiting transport mechanism.
SEI is deformed during cycling due to volume changes of the electrode
particles. These deformations change the porosity which in turn affect
the growth rate. This results in systematic variations of SEI thickness
when the electrode material deforms anisotropically, e.g., on HOPG.
We predict notable thickness differences correlating with the atomistic
orientation of the electrode surface.

This could be observed in the imaging experiment proposed ear-
lier in this section. Alternatively, information about the rate-limiting
transport mechanism could be obtained in a different experiment. We
propose to add additional, marked (e.g. isotopically, see Ref. 7) sol-
vent/electrolyte to a cell with a well-established SEI. The location
of newly formed SEI can then be determined with depth profiling
techniques after a long storage period.

Discussion

The quality of theoretical studies depends on reliable parameter
choices and model assumptions. In this section, we discuss the valid-
ity of our choices. To this aim, we justify our assumptions and discuss
the dependence of our predictions on them. Our model relies on two
important assumptions. Firstly, we assume that the SEI is homoge-
neous parallel to the electrode surface and develop a one dimensional
model. Secondly, we choose a specific dependence of transport param-
eters on porosity. Besides these assumptions, we make use of physical
restrictions such as mass, volume, and charge conservation.

Most obvious, SEI thickness, see Eq. 29, and porosity, see Eq. 34,
strongly depend on transport parameters (κBulk, DBulk, β) as discussed
above. SEI porosity, for example, is governed by the Bruggeman co-
efficient β of the electrolyte. Thermodynamic parameters, such as
the density of SEI compounds and the onset potential of reduction
reactions influence our results as well. However, unlike transport pa-
rameters we know these parameters reasonably well. Therefore, an
inaccurate choice of these thermodynamic parameters does not influ-
ence our results in a significant way. The kinetics of the fast reduction
reactions characterized by the activation energy EA are not critical as
well. The only exception is the onset potential of the second reduction
reaction. This parameter strongly influences the thickness of the in-
ner layer. Nevertheless, the qualitative observations of the dual-layer
systems remain unchanged.

An assailable model assumption is the use of conventional electron
conduction in SEI compounds. It is known that several common SEI
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compounds have large bandgaps, i.e. Li2EDC,21 Li2CO3
18 and LiF.49

Corresponding conductivities are well below the values which are nec-
essary to drive long term SEI formation at realistic rates. Nevertheless,
SEI composition is diverse and a conduction like mechanism could
emerge. This could be due to defects or band-bending on grain bound-
aries inside the SEI. Interface effects on such boundaries can pro-
mote lithium-ion and potentially electron mobility as shown by Zhang
et al.20 We highlight that the specific transport mechanism used does
as demonstrated by replacing conduction with neutral lithium inter-
stitial diffusion. Any mechanism which transports charges though the
SEI for the reduction of the solvent at the SEI/electrolyte interface will
produce qualitatively similar results. The only requirement is that the
mechanism decreases linearly with SEI thickness and that the trans-
port occurs in the solid SEI.

Our assumption of homogeneity parallel to the electrode surface is
seemingly contradicted by TEM images of fluctuating SEI thickness.6

Such measurements, however, typically relate to initial molecular lay-
ers of the SEI which our model does not describe. Furthermore, our
model offers three explanations for fluctuations in thickness. Fluctu-
ations in the initial SEI composition might locally affect the conduc-
tivity. Alternatively, different electrode surfaces, e.g., the basal/edge
planes on graphite, can yield different electron injection rates into the
SEI. Lastly, SEI thickness fluctuations are expected if solvent diffu-
sion is the rate-limiting process. Our model remains to be applicable
locally if these fluctuations occur on a length scale comparable to the
SEI thickness. If SEI is exposed to large mechanical stress, e.g., on
silicon electrodes,12 local properties dominate SEI evolution and our
model cannot be applied.

Finally, we keep our model simple and clear on purpose and ne-
glect a couple of details. For example, we do not take into account
dissolution of SEI species4 which competes with SEI growth. A nucle-
ation and precipitation process for SEI formation has been proposed
by Ushirogata et al.21 Nucleation and growth of larger SEI particles
in solution might be essential during the formation of the initial SEI.
Modeling this process would delay the reaction and the precipitation
process, which would not influence the long time SEI growth. We ne-
glect this mechanism because we focus on long-term SEI formation.
SEI material lost by diffusion into the bulk electrolyte phase could be
accounted for by using an effective stoichiometry for the reduction
reaction.

Summary

In this work, we discuss a novel one-dimensional model which
describes long-term SEI growth.26 We study several plausible scenar-
ios and predict observable SEI properties depending on the respective
assumptions. In all scenarios, SEI thickness evolves with the square
root of time because SEI growth is limited by the transport of SEI
precursors through the SEI.

In our reference scenario structural properties do not prevent the
formation of a dense SEI. Then electron conduction is the rate-limiting
transport mechanism. Our model predicts the formation of a porous
SEI. SEI porosity is almost constant throughout the film and does
not change in time. It is the result of an interplay of two transport
processes, electron conduction away from the electrode and solvent
diffusion toward the electrode. Therefore, porosity depends solely on
the parameters characterizing these processes.

Solvent diffusion is the rate-limiting transport mechanism if struc-
tural properties prevent the formation of a dense SEI. We find that
the growth rate of the SEI is very susceptible to porosity fluctuations
in this case. Therefore, we predict an inhomogeneous thickness dis-
tribution of SEI on electrodes with anisotropic volume expansion. If
solvent diffusion is the rate-limiting transport mechanism, such fluc-
tuations will be observable in a suitable imaging experiment such as
those proposed in the Simulation results section.

Replacing electron conduction with diffusion of neutral lithium
interstitials only alters the aforementioned predictions quantitatively.
This illustrates that they are universal and independent from the spe-
cific transport mechanism in the solid SEI.

In scenarios where two reduction reactions are considered, we ob-
serve an additional inner SEI layer close to the electrode. The two
layers have different chemical compositions and may also exhibit dif-
ferent morphologies. These properties can be observed and employed
to identify the type of the second reduction reaction. We find that the
ratio of the inner layer thickness to the total SEI thickness tries to at-
tain a stationary value. This value depends on the electrode potential
and will be attained after the electrode potential remained constant
for a longer period of time (≈ 60 days). It does not change when the
SEI ages and is restored when the SEI is physically damaged. Ob-
serving such a connection between the thicknesses of inner and the
outer layer would suggest electron conduction to be the rate-limiting
transport mechanism.

Conclusions

In this article, we discuss a new model to describe long-term SEI
growth on negative electrodes. Our model is the first to capture SEI
morphology in a spatially resolved way. Explicitly, we explain the
growth of a SEI with finite porosity. We can model different rate-
limiting transport mechanisms in the solid SEI phase. Additionally,
we can adjust SEI porosity and enable solvent diffusion through the
pores to be the rate-limiting transport mechanism. This enables us to
predict SEI properties which are unique to each mechanism. These
predictions are observable in suitable experiments and should allow
to draw conclusions with respect to the rate-limiting transport mecha-
nism for SEI growth. To this aim, we propose in-situ imaging studies
of well-established SEI, e.g., with TEM or neutron reflectometry.

Acknowledgments

This work was supported by the German Federal Ministry of Edu-
cation and Research (BMBF) in the project Li-EcoSafe (03X4636A).
Further support was provided, by the bwHPC initiative and the
bwHPC-C5 project through associated compute services of the JUS-
TUS HPC facility at the University of Ulm.

Appendix

Table AI. Nomenclature and description of frequent quantities.
Parameters are described and given in Table I.

Description Unit

ε/εSEI Porosity/volume fraction of the SEI -
c Main solvent (EC) concentration mol m−3

cLi Neutral lithium interstitial concentration mol m−3

� Electronic potential (solid SEI) V m−1

v/ṽ Electrolyte/solid convective velocity m s−2

jE Electronic current in the solid SEI phase A m−2

r j Turnover of reaction “ j → k” mol s−1 m−3

A Specific surface area of the porous SEI m−1

L/L I Thickness of the SEI / inner SEI layer nm
� Ratio of L I and L , � = L I L−1 -
�̃ Location of the reaction interface relative

to L
-

α(ε) Transition function between local
accumulation and SEI expansion

-

ε∗/ε∗
SEI Average SEI porosity/volume fraction -

D∗ Solvent diffusion coefficient at average
SEI porosity D∗ = ε∗β DBulk

m2s−1

κ∗ SEI conductivity at average SEI volume
fraction κ∗ = ε1.5

SEIκ
Bulk

S m−1

��EC �0
EC − �E V

��DMC �0
DMC − �E V

��diff �0
EC − �DMC V
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