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1  Introduction
With the conversion to an electrified society, advances in energy storage technologies 
will be needed to power mobile devices and store excess renewable energy. [1] Lithium 
metal is a highly attractive material because it has high charge capacity (3860 mAh g−1), 
low electrochemical potential (− 3.04 V vs. SHE), and is very lightweight. [2, 3] However, 
lithium metal is highly reactive, thus it decomposes liquid electrolytes to form a solid 
electrolyte interphase (SEI). [4] The SEI is a highly resistive film that causes significant 
transport resistance during battery operation and consumes lithium and electrolyte dur-
ing SEI growth. [5] The complex and varied chemical composition and microstructure 
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Abstract
Lithium metal is a sought after battery material for its high energy density due to 
the low electrochemical potential and density. However, lithium metal is also highly 
reactive, which results in a strong propensity for dendrite formation. The Sand’s 
time has previously been used to predict the time of dendrite initiation on metals 
that do not form a solid-electrolyte interphase (SEI), but it has been shown that the 
Sand’s time is not accurate for lithium electrodes when using transport parameters 
associated with the electrolyte. Thus, we built a numerical model to simulate lithium 
ion transport through a growing SEI to predict the Sand’s time. The numerical model 
is shown to be more accurate than previous analytical solutions, especially for low 
current densities. We then analyze the sensitivity of the Sand’s time to different SEI 
properties and the chemical potential gradients present in the SEI, driving lithium 
transport. The results showed that high lithium concentration has a greater impact 
at high current density, while fast diffusivity is more important at low current density. 
Lastly, we modeled the influence of surface roughness on the plating evolution and 
chemical potential gradients when an SEI is present in comparison to the electrolyte. 
As a result, we demonstrate that the SEI plays a critical role in lithium electrode 
stability, and that improved characterization techniques are needed to better 
understand transport through the SEI and increase lithium metal utilization in energy 
storage devices.
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of the SEI layer can further exacerbate the heterogeneous deposition of lithium metal, 
leading to the formation of dead lithium and dendrites. [6, 7] The formation of both dead 
lithium and dendrites results from heterogeneous deposition at the electrode surface. 
Dead lithium occurs when lithium metal becomes electrically isolated from the current 
collector, meaning that it is unable to be used for storing energy and is a primary form of 
long-term failure. Dendrites form when a spike of metal grows significantly faster than 
the average deposition velocity and is a primary form of catastrophic failure as dendrites 
can cause a thermal runaway of the battery. [8, 9]

According to established theory, the main mechanism that causes dendrite initiation 
at a metal electrode undergoing electrodeposition is the depletion of reactant at the 
electrode/electrolyte interface. [10] The time for the reactant concentration to become 
depleted during constant current operation is known as the Sand’s time. An analytical 
solution for the Sand’s time was derived from a combination of Fick’s and Faraday’s laws 
for binary electrolytes but not accounting for the moving interface due to metal electro-
deposition. [11] The theory of Sand’s time has been shown to be predictive for dendrite 
initiation in metals that do not form an SEI. [11–15] Previous investigations have shown 
poor correlation between the onset of dendrites on lithium metal and the classical Sand’s 
time when using transport parameters measured in the electrolyte. [10, 15–18] Deriva-
tions of alternative analytical solutions for predicting the Sand’s time have ignored the 
influence of the SEI, despite the SEI severely inhibiting transport of lithium ions to the 
electrode surface, causing consistently poor Sand’s time predictions when compared to 
experimental data. [15, 17, 18] The key transport parameters governing diffusion are the 
reactant concentration and diffusivity of the ion through the medium. Previous inves-
tigations have measured these parameters to be multiple orders of magnitude smaller 
in the SEI when compared to the liquid electrolyte, which is a factor that has not been 
considered in previous publications on the Sand’s time for lithium metal electrodes. [19, 
20] Additionally, analytical solutions treat the electrode boundary as stationary when in 
experiments the electrode grows over time, extending into the electrolyte. A numeri-
cal model with a moving boundary can simulate the electrodeposition process more 
robustly, including the dynamic evolution of the SEI thickness, thus resulting in more 
accurate prediction of concentration depletion.

Recently, an analytical solution of the Sand’s time modified to incorporate the pres-
ence of the SEI was published and showed improved correlation with experimental data 
and that the equation can be reduced to a single fitting parameter. [21] However, a single 
constant parameter cannot capture the spatiotemporal evolution of the SEI and its effect 
on Li-ion transport to the reactive surface. To this end, we constructed a 1D numerical 
model to simulate the simultaneous competing reactions of lithium electrodeposition 
and SEI growth. The model captures both the moving Li-metal interface due to electro-
deposition and the thickening SEI layer that further impedes ion transport over time, 
resulting in lithium ion depletion at the electrode surface and the initiation of a dendrite. 
We show that this 1D model is accurate when compared to experimental data and that 
the sensitivity of the Sand’s time to diffusion and electromigration transport parame-
ters is different for low and high applied current density. We then extend the model to 
two dimensions (2D) to demonstrate the impact of surface heterogeneity on the plating 
uniformity and chemical potential gradients in the presence of an SEI. We argue that 
improved characterization of the transport properties of the SEI, including thickness, 
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limiting concentration, and lithium diffusivity, is necessary for designing electrolytes and 
artificial SEIs to improve lithium metal electrode stability.

2  Methods
We constructed a one-dimensional (1D) model with a domain that grows as a result of 
the SEI formation reaction that occurs at the surface of the lithium metal electrode. The 
objective is to simulate concentration depletion and estimate the Sand’s time in the pres-
ence of a growing SEI. Given the highly transport-limiting nature of the inorganic layer 
of the SEI, our model focuses on its growth and transport of Li+ through it. Transport 
in the porous organic layer of the SEI and liquid electrolyte is not modeled explicitly, 
as we found it to be not limiting given the relatively poor transport properties of inor-
ganic layer of the SEI. The modeling domain represents the growing SEI layer, and its 
dimension increases over time. We imposed a constant current boundary condition at 
the electrode and constant ionic potential and concentration at the SEI surface (Fig. 1A). 
The constant current condition caused lithium plating and SEI growth at the electrode 
surface, thus representing the charge cycle during formation cycling and standard bat-
tery operation. The time-dependent mass balance governed the reaction and diffusion of 
species within the SEI,

∂ci

∂t
+ ∇ · Ni = 0� (1)

where ci was the species concentration, t was time, Ni was the species flux. The Nernst-
Planck equation governed the species transport through the SEI,

Ni = −Di∇ci − ziF

RT
Dici∇ϕl� (2)

where Di was the diffusivity, and zi was the charge of species i, F was Faraday’s constant, 
R was the molar gas constant, and T was the temperature (assumed to be a constant 

Fig. 1  A Schematic of the 1D homogeneous model. B Demonstration of the different growth trajectories of the 
SEI as a function of applied current density. Time and thickness were normalized to the final time and thickness at 
the end of the simulation. C Sample results of the Li+ concentration at the surface of the electrode and external 
electric potential
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298 K). [22, 23] We modeled the ionic potential using the Poisson equation through the 
length of the electric field displacement Dl,

∇ · Dl = F
∑

i

zici� (3)

Dl = −ϵ0ϵr∇ϕl� (4)

where ϵ0 was the permittivity of free space and ϵr  was the relative permittivity of the 
SEI. We found that the permittivity had almost no impact on the Sand’s time predic-
tions and little impact on the chemical potential gradient distribution within the SEI. We 
imposed boundary conditions of ϕl = 0 V and ci = cinit at the SEI/electrolyte boundary. 
Using this model allows for charge separation in the first few nanometers away from the 
electrode surface, which is necessary for accurate modeling at the nanometer scale. We 
assumed three species in the electrolyte: Li+, a generic monovalent anion, and a generic, 
uncharged solvent molecule.

The initial length of the domain was 0.1 nm, which then grew as the simulation pro-
gressed as a result of reaction competition at the electrode. We modeled the electrode 
as a smooth, planar surface (a single point in 1D) with two competing reactions: lithium 
plating

Li+ + e− → Li(s)� (5)

and SEI formation

2Li+ + 2Sol + 2e− → SEI(s)� (6)

where "Sol" is a solvent molecule. While SEI formation is believed to be a more com-
plex, multistep electroprecipitation process, many continuum models have accurately 
modeled it as a one-step electrochemical reaction. [24–26] We modeled the lithium 
deposition kinetics using the concentration-dependent Butler-Volmer equation. For the 
lithium plating reaction, the local current density was given by the concentration-depen-
dent Butler-Volmer equation,

ielec = i0

[
cs

cref
exp

(
αFη

RT

)
− cs

cref
exp

(
(1 − α)Fη

RT

)]
� (7)

where ielec was the current density for the plating reaction, i0 was the exchange current 
density, cs is the concentration of lithium ions at the electrode-SEI interface, cref was the 
reference concentration (1 M), α was the symmetry factor, and η was the reaction over-
potential. For the SEI reaction, the local current density was

iSEI = kSEIcsolF

[
exp

(
αFη

RT

)
− exp

(
(1 − α)Fη

RT

)]
� (8)

where iSEI was the current density for the SEI reaction, kSEI was the SEI reaction rate, 
and csol was the concentration of solvent at the surface. We imposed a constant current 
boundary condition (i = iapp) at the electrode, and this current was partitioned by the 
local current densities as a result of the local reactant concentrations, reaction rates, and 
thus overpotentials.
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Boundary growth velocities were calculated as a function of the local reaction rate and 
the respective growing material. For the plating reaction, we defined the velocity as

velec = ielec
FρLi

� (9)

where ρLi was the molar density of lithium metal. For the SEI reaction, we defined the 
velocity as

vSEI = iSEI

2FρSEI
� (10)

where ρSEI was the molar density of the SEI. Thus, the electrode/SEI boundary (left 
node in Fig. 1A) moved at velec and the right boundary moved at velec+ vSEI to cap-
ture the effects of both the growth of the surface and the growth of the SEI. The simula-
tion domain, being entirely comprised of SEI, therefore grew in time as a function of the 
SEI properties and applied current density. The propagation of the electrode boundary 
is typical in liquid electrolyte systems, but was not found to make a significant differ-
ent due to the focus on transport through the thin SEI. The equations were compiled 
and solved in COMSOL Multiphysics 6.3. The resultant SEI growth profiles were as 
expected: linear for short times/high applied current density and saturated at longer 
times/low applied current density (Fig. 1B). The model accurately simulated lithium ion 
concentration depletion at the electrode surface and the resulting exponential increase 
in the potential at the solid boundary due to the concentration polarization (Fig. 1C). We 
estimated the Sand’s time to be the time when the surface concentration of Li+ reaches 
1 µM, at which point the simulation was stopped. This value was chosen because it is 
three orders of magnitude below the baseline initial condition for lithium concentration.

Since the native SEI is a heterogeneous material, and we simulated it as homogeneous, 
we chose baseline parameters for the simulations to be average representations of SEI 
properties (Table  1). Of significance was the limit of lithium concentration imposed 
within the domain to 1 mM, which has been previously measured to be within this order 
of magnitude. [19, 20]

3  Results
3.1  Comparison to experimental data

Previous experimental literature has estimated the Sand’s time for lithium metal for a 
range of applied current densities using a combination of optical and electrochemical 

Table 1  Baseline non-lithium transport parameters used in base 1D model for estimating the Sand’s 
time
Name Variable Value
Anion diffusivity DAn 1 ×10−13m2s−1

Solvent diffusivity Dsol 1 ×10−15m2s−1

SEI permittivity ϵr 10

Li plating exchange current density i0 10 Am−2

Symmetry factor α 0.5

SEI reaction rate kSEI 5 × 10−17s−1

Initial solvent concentration csol 4.5 M

Lithium metal molar density ρLi 76801 molm−3

SEI molar density ρSEI 28552 molm−3
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data. [10, 27–32] Our model was shown to accurately predict the Sand’s time, with bet-
ter accuracy at low applied current density when using the baseline parameters (Fig. 2), 
which was consistent with the long-term SEI growth model used. There is a larger vari-
ance in the experimental data at high applied current density, indicating that the prop-
erties of the SEI heavily influence the Sand’s time. The experimental data has a slope 
of  −1.4, while the numerical results have a slope of  −1.9, which was insensitive to the 
parameters used. However, this slope aligns well at low applied current density and 
poorly at high applied current density, possibly suggesting different phenomena for 
these two regimes. These results could be explained by different SEI components grow-
ing over time, with the phases that grow quickly having better transport properties than 
the phases that take longer to form.

Previous publications have measured the lithium concentration limit and lithium dif-
fusivity within a native SEI and thin-film lithium oxide (Table  2). The measurements 
from Boyle et al. [19] shift the Sand’s time prediction to larger values due to both param-
eters being higher than the baseline, thus increasing the accuracy at high applied current 
density and decreasing the accuracy at low applied current density. The measurements 
from Guo et al. [20] for the native SEI and Li2O showed the extremes of increasing each 
parameter above the baseline, with the diffusivity and maximum concentration of each 
material being either well above or below the baseline. The results using the native SEI 
parameters from Guo et al. were the closest to the slope of the experimental data, with 
other parameter sets generally being too steep (model is ∼−1.9 while the experimental 
data is ∼−1.4). While it is clear that the Sand’s time is highly sensitive to the SEI trans-
port properties it is difficult to fit both low and high current data with the same set of 
parameters.

Table 2  Baseline and alternative limiting concentration and diffusivities from literature [19, 20]
Name Concentration limit (mM) Diffusivity (m2s−1)
Baseline 1.0 1.0 ×10−13

Boyle et al 2.1 2.2 ×10−13

Guo et al. Li2O 0.3 1.8 ×10−13

Guo et al. native SEI 9.0 1.8 ×10−15

Fig. 2  Comparison of experimental data [27–32] to model results using the baseline parameters, and values for 
the maximum Li+ concentration and Li+ diffusivity from Boyle et al. and Guo et al. [19, 20]
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While there is variance in the experimental data making it difficult to fit a model pre-
cisely, there are also gaps in fundamental knowledge that inhibit our ability to create 
an accurate model. First, the material composition of the SEI and how it evolves over 
time is highly dependent upon the electrolyte components and electrochemical condi-
tions to which the battery has been subjected. There are many theories that discuss how 
the growth of the different phases (crystalline vs. amorphous, organic vs. inorganic, etc.) 
evolve over time, but definitive knowledge of this evolution is still not present in liter-
ature, inhibiting our ability to create accurate growth models and assign kinetic rates 
to different phases. [24, 33] Additionally, characterization and parameterization of the 
different phases is poor, thus knowledge of critical values of transport parameters such 
as diffusivity, maximum concentration, porosity, and thickness are lacking. Second, the 
reaction competition between plating and SEI growth has recently been shown to be 
dependent on the applied current density and facet upon which the lithium plates. [34] 
The model can account for SEI properties that depend or evolve with electrochemical 
conditions and time. With greater knowledge of this phenomenon, models will be able 
to better predict dendrite initiation over a larger range of applied current densities. We 
assert that deeper characterization of the SEI is needed to more accurately predict the 
Sand’s time and therefore the initiation of dendrites. Many strong advances are being 
made using techniques such as cryo-electron microscopy and synchrotron-enhanced 
surface characterization to quantify SEI thickness and identify specific components of 
the film. [35, 36] Continuing to deepen our understanding of the SEI material properties 
will enable the engineering of native and artificial SEIs to improve the stability of lithium 
metal electrodes for all electrochemical applications.

3.2  Sensitivity to SEI properties

Because a longer Sand’s time is desired for greater stability, it becomes pertinent to 
understand how the properties of the SEI can influence the Sand’s time. In the model, 
there are three main parameters that impact the Sand’s time prediction: SEI growth 
rate, maximum lithium concentration, and lithium diffusivity, which we varied system-
atically to better understand their impact on dendrite formation. The SEI growth rate 
is an independent parameter from the other two, and it dictates the size of the domain 
and therefore the distance through which lithium must diffuse. As is intuitive, faster SEI 
growth rates resulted in shorter Sand’s times (Fig. 3A). Since the SEI has poor transport 
properties, the faster it grows, the sooner there will be significant concentration deple-
tion at the electrode surface. Thus, our model shows that having a slower growing SEI is 
beneficial for preventing dendrites and promoting homogeneous lithium plating, as is 
consistent with previous literature.

The maximum lithium concentration and lithium diffusivity are parameters more 
directly related to transport, and they are also in the original Sand’s time analytical solu-
tion. To analyze the sensitivity of the Sand’s time to these parameters, we swept them an 
order of magnitude above and below the baseline parameters for low to medium applied 
current densities (0.025 to 1 mA cm−2). Below the baseline values, there was a very 
similar response of the Sand’s time to poorer max concentration and diffusivity (Fig. 3B 
and C). Above the baseline values, there were appreciable differences in the response of 
the Sand’s time to increasing the parameter values. Increasing diffusivity had an almost 
linear relationship with the Sand’s time at low applied current density; a 5x increase in 
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diffusivity increased the Sand’s time by ∼5x below 0.1 mA cm−2. At higher current den-
sities, the Sand’s time response was larger, with the increase in Sand’s time being larger 
than the increase in the diffusivity. On the other hand, increasing the limiting concentra-
tion mattered less at low applied current and more at the higher currents simulated. At 
an applied current of 1 mA cm−2, increasing the limiting concentration by 10x resulted 
in a Sand’s time that was 20 times that of the baseline. These results demonstrate the 

Fig. 3  Sensitivity of the Sand’s time to A SEI growth rate, B diffusivity, and C limiting concentration for a range of 
applied current densities. Y-axes in (B) and (C) are linear in scale. Parameter multiplier in (B) and (C) refers to the 
scalar applied to the variable of interest to conduct the sensitivity analysis
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impact of how targeting specific material properties can be more beneficial for certain 
applications.

3.3  Contributions to chemical potential gradient

While dendrite formation is caused by concentration depletion, the transport of lith-
ium to the electrode surface is a combination of diffusion and electromigration, as is 
shown by the Nernst-Planck equation (Eq. (2)). Diffusion is governed by the concentra-
tion gradient, dc/dx, and electromigration by the electrolyte potential gradient, dϕ/dx. 
To directly compare these two gradients, we normalized them to the chemical potential 
gradients. We calculated the diffusive chemical potential gradient as

dµdiff

dx
= dc

dx

RT

cmax
� (11)

and the electromigration chemical potential gradient as

dµmig

dx
= dϕ

dx
F � (12)

We present the results for the two components of the chemical potential gradient 
through the SEI at the last time step of the simulations. We compare the diffusive and 
electrostatic driving forces on the ion transport and the onset of dendrite formation. We 
note that nondimensionalizing the contributions to lithium flux yields the same trends 
but with different raw values.

In all cases, the electromigration chemical potential gradient asymptotes to zero at the 
electrode/SEI interface (Fig. 4). The asymptote appears to be a result of the simulations 
being in 1D, for which we present further justification and discussion later in the manu-
script. At high applied current density, the diffusive chemical potential gradient domi-
nated over electromigration (Fig. 4A). At a current density of 0.5 mA cm−2, the diffusive 
chemical potential gradient was ∼ 1012 J mol−1 m−1 while electromigration increased 
from 1010 to 1011 when going through the SEI from the electrode to the electrolyte. As 
the current density decreased, the two chemical potential gradients were similar orders 
of magnitude throughout the thickness of the SEI. For a current density of 0.05 mA 
cm−2, the electromigration contribution was larger than the diffusive contribution for 
80% of the SEI. This result is somewhat counterintuitive because it could be expected 
that higher current would produce larger potential gradients due to the higher overpo-
tential at the electrode surface. Instead, the higher applied current and increased rate 
of consumption created a strong concentration gradient, causing the diffusive chemical 
potential gradient to be much higher.

Poorer SEI properties – low limiting concentration and diffusivity – resulted in the 
diffusive chemical potential gradient being several orders of magnitude larger than elec-
tromigration (Fig.  4B and C). For a limiting concentration of 0.1 mol m−3, the diffu-
sive chemical potential gradient was ∼ 2.5 · 1012  J mol−1 m−1 and the electromigration 
gradient was never above 3 x 109 J mol−1 m−1. Similarly for a diffusivity of 1 x 10−14 
m2 s−1, the diffusive chemical potential gradient was ∼2.5 x 1012 J mol−1 m−1 and 
the electromigration gradient peaked at 4 x 1010 J mol−1 m−1. However, for better SEI 
properties – high limiting concentration and diffusivity – the electromigration chemical 
potential gradient was greater than diffusive for almost the entire SEI thickness. For low 
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limiting concentration and diffusivity, the electromigration chemical potential gradient 
was at its maximum at the SEI/electrolyte interface. However, for cmax = 10 mol m−3 
and DLi = 10−12 m2 s−1, there was a peak in the electromigration chemical potential 
gradient approximately 5-10% of the depth into the SEI thickness, decaying back down 
to being equal to that of the diffusive chemical potential gradient. Overall, this demon-
strates that a better performing SEI minimizes concentration gradients. These SEI prop-
erties are similar to ceramic solid state electrolytes with high transference numbers, with 
lithium flux being driven by electromigration.

A

B

C

Red: Diffusion   Blue: Electromigration

0.5 mA cm-2

0.1 mA cm-2

0.05 mA cm-2

0.1 mol m-3

1.0 mol m-3

10. mol m-3

1E-14 m2 s-1

1E-13 m2 s-1

1E-12 m2 s-1

Fig. 4  Contributions to the chemical potential gradient from diffusion (red) and electromigration (blue) for differ-
ent A current densities, B maximum Li+ concentration, and CLi+ diffusivities
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3.4  Analysis of 2D protrusion

The previously presented work was in 1D, assuming a perfectly flat electrode, which is 
rarely the case. Inhomogeneity at the electrode surface can be as a result of a rough cur-
rent collector, lithium nuclei deposited in various sized islands, or a dendrite that has 
begun forming from overlimiting current. To investigate the impact of roughness, we 
created a two-dimensional (2D) domain 10 x 10 nm in size to simulate a fixed-thickness 
SEI (Fig. 5A). The same equations were used for the 2D simulations, with the simplifica-
tion that there is no longer a reaction competition at the electrode, thus we are assuming 
that the SEI is fully saturated. In the 2D simulations, there is only the lithium deposi-
tion reaction at the electrode boundary, and the opposite boundary moves at the average 
velocity of the electrode, preserving the domain size for the simulation. While the SEI is 
not growing over the course of the simulations, its role is to add a transport barrier for 
Li-ions to reach the reducing surface. We set the maximum concentration of lithium in 
the domain to 1 mM and the Li+ diffusivity to 10−13 m2 s−1, each three orders of mag-
nitude lower than what is typically measured in a liquid electrolyte. We implemented 
symmetry boundary conditions at the walls to ensure that the distortion of the electric 
field lines only result from the heterogeneity of the electrodeposition. At a physical elec-
trode, the mechanical forces present within the SEI and at the electrode/SEI interface 
would impact the long-term growth of a dendrite during electrochemical cycling of 
the electrode. This work does not consider the impact of mechanical forces due to the 

Fig. 5  A Schematic of simulation domain for 2D protrusion simulations. B Local current density for three different 
locations along the electrode for different curvatures of protrusion covered by a 10 nm SEI
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difference in time scales over which dendrite formation and mechanical stresses occur 
and the additional physics that would be required in the model to couple chemomechan-
ics and transport. The purpose of the 2D analysis is to understand how the presence of 
the SEI resistive layer affects the evolution of the Li interface. The SEI may exacerbate 
instabilities, in the Li-deposition process, by enhancing concentration gradients along 
the interface.

We created a protrusion on the electrode to simulate a small section of a rough surface 
on the electrode. We varied the shape of the protrusion, with a "wide" shape being 2 nm 
wide and 0.5 nm tall (into the SEI) with a curvature of 0.36 nm−1, a "medium" shape 
being 1.7 nm wide and 0.75 nm tall with a curvature of 1.78 nm−1, and a "sharp" shape 
being 1 nm wide and 1 nm tall with a curvature of 3.0 nm−1. The total surface length of 
the protrusion was kept constant between all three shapes to ensure fair comparison of 
surface area between the designs. This scale of protrusion has been previously measured 
at copper current collectors and lithium metal anodes, showing that different levels of 
roughness significantly impact battery performance due to morphological stability. [37]

Along the length of the electrode, inhomogeneity creates variation in the local current 
density, and the variation is exacerbated due to the presence of the SEI. In our model, 
as the protrusion became sharper, the variation in local current density became larger 
(Fig.  5B). For the sharp protrusion, the current at the tip was 117% greater than the 
applied current density (0.1 mA cm−2) and the current at the base of the protrusion was 
13% of the applied current density. For the wide protrusion, the current density at the tip 
was 0.18 mA cm−2 and 0.04 mA cm−2 at the base. Since the tip is quite small, the Gibbs-
Thomson effect would be considerable, but this effect would only occur at the very tip of 
the protrusion and decay rapidly down the walls of the protrusion. [38] Thus, the non-
uniform current would still be produced due to the severe transport limitations imposed 
by the SEI. These results emphasize the importance of smooth current collectors and 
electrodes in lithium metal devices.

The variation in local current density caused the protrusion to become more inhomo-
geneous over time when the SEI was present (Fig. 6). As the tip of the protrusion became 
sharper and the curvature larger, the deposition profile became worse. For the wide 
protrusion, the shape stayed relatively constant during deposition, with the distance 
between the base and the tip growing from 0.5 to 0.75 nm (Fig. 6A). On the other hand, 
for the sharp protrusion, the protrusion changed much more dramatically, with the dis-
tance between the base and the tip growing from 1 to 1.7 nm (Fig.  6C). Additionally, 
the shape of the protrusion changed, with the thickness of the dendrite becoming wider 
over time, which would likely cause a cascading effect of continuing to make the deposi-
tion profile worse. By modifying the transport parameters to be more representative of 
the electrolyte (concentration = 1 M; diffusivity = 10−10 m2 s−1), the deposition profile 
became extremely uniform, even for the sharp protrusion (Fig. 6D). This demonstrates 
the importance of an SEI with good transport parameters and indicates that the mecha-
nism of dendrite formation with an SEI is not necessarily the same as without an SEI.

Previously, we demonstrated the variation in chemical potential gradients in one 
dimension (1D). In two dimensions (2D), the presence of a protrusion introduces addi-
tional variation in the chemical potential gradients within the SEI, due to its sluggish 
transport properties. Away from the protrusion, toward the bulk of the electrode surface, 
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the 2D chemical potential gradients resemble those observed in the 1D case with the SEI 
present (Fig. 7A and C).

With the SEI, a hotspot in the diffusive chemical potential gradient appears at the tip 
of the protrusion, diminishing toward the base and further away from the defect. The 
minimum diffusive gradient occurs at the base of the protrusion, where both the con-
centration and its gradient are low, likely a result of reduced local current density. As in 
the 1D case, the minimum electromigration gradient is found at the electrode surface, 
except at the sides of the protrusion, where the gradient reaches approximately ∼8 x 
1010 J mol−1 m−1. This elevated electromigration at the protrusion sides may enhance 
lithium flux to the electrode, partially homogenizing the current and extending the time 
before lithium is depleted at the surface.

Similar to the 1D scenario, the magnitudes of the chemical potential gradients from 
diffusion and electromigration are comparable away from the electrode surface, but dif-
fusion dominates at the surface (Fig. 7A and C). The SEI increases the magnitude of the 
chemical potential gradient by factors of 103 and 106 for the electrostatic and diffusive 
components, respectively, compared to the case without the SEI (Fig. 7B and D). With-
out the SEI, the chemical potential gradients are distributed much more uniformly along 
the electrode surface and through the first 10 nm of the electrolyte. Thus, the SEI ampli-
fies the gradients along the interface, accelerating protrusion growth. Overall, these 
results show that the presence of the SEI exacerbates issues with lithium flux to the sur-
face, creating hotspots and increasing gradients that contribute to electrode instability 
and propensity of dendrite formation and growth.

Fig. 6  Evolution of the electrode boundary over the first 6 s of deposition at 0.1 mA cm−2 for different curvature 
of protrusions and with and without an SEI layer present
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4  Conclusions
We demonstrated that the Sand’s time can be more accurately predicted by simulating 
only the solid electrolyte interphase (SEI). The Sand’s time and dendrite formation are 
thus highly sensitive to the thickness and transport parameters of the SEI layer, specif-
ically the maximum lithium concentration and diffusivity. We found that an SEI with 
better transport properties decreased the diffusion chemical potential gradient and 
increased the electromigration chemical potential gradient, providing insight into desir-
able properties of the SEI. For instance, an artificial SEI layer with a transference number 
approaching one would be favorable for reducing ion depletion and delaying the diffu-
sion limited conditions represented by the Sand’s time. 2D modeling results showed that 
the presence of an SEI on a rough surface increased plating non-uniformity due to larger 
variations in local current densities. The effect is more severe for sharper protrusions. 
Additionally, the SEI caused an increase in the chemical potential gradients, thus creat-
ing hotspots at the tip of the dendrite, and further exacerbating transport issues. These 
results demonstrate that more detailed characterization of the SEI is needed to better 
understand the transport phenomena through the SEI and design higher performing 
electrolytes and artificial SEI layers.
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