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cathode and anode materials need to be 
developed for next-generation batteries 
with a performance beyond current com-
mercial lithium-ion batteries. Lithium 
(Li) metal, with a theoretical specific 
capacity of 3860 mAh g–1 and low reduc-
tion potential of −3.04  V, is regarded 
as the ultimate high-energy-density 
anode material to replace graphite that 
is currently used in commercial Li-ion 
batteries, which has a much lower theo-
retical specific capacity (372 mAh g–1).[2] 
Unfortunately, the implementation of 
lithium metal batteries (LMBs) is hin-
dered by the nonuniform electrodeposi-
tion of Li with uncontrollable formation 
of dendrites as well as side-reactions 
between Li and the electrolyte.[3]

Understanding the electrodeposition 
behavior of Li is of primary importance 
for the implementation of LMBs, but it 
is also full of challenges as the process is 
controlled by an electro-chemo-mechanic 
(ECM) mechanism coupling the electro-

chemical reduction of Li-ion, mechanical stresses at the inter-
face, and chemical reactions with the electrolyte.[4] It has been 
previously reported that a high exchange current density on the 
Li-electrode combined with rapid depletion of Li-ions on the 
electrode surface, which is governed by electrolyte concentration, 
temperature as well as applied current density, by are two main 
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1. Introduction

Anxiety about the driving range of electric vehicles and endur-
ance of portable devices is invariably accompanying their 
users in modern society because of limited energy-density 
of the battery.[1] To overcome this issue, high-energy-density 
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underlying factors for dendritic electrodeposition.[5] In addition, 
the solid electrolyte interphase (SEI), which is formed by the 
reaction between Li-metal and electrolyte, also plays a crucial role 
in the kinetics of the electrochemical deposition process.[4a,6] The 
SEI film formed on the metal anode controls the charge-transfer 
and ion transport between the bulk electrode and the electrolyte 
close to the electrode surface.[7] The mechanical property of the 
SEI is also of importance since it will undergo repeated interface 
displacement during Li electrochemical stripping and plating 
with a risk of crack formation or even breakage.[8] As a result, 
fresh Li will be exposed to, and continuously react with, the elec-
trolyte, leading to electrolyte consumption, loss of active Li, and 
accumulation of insulating by-products at the interface.[9] This 
leads to lower Coulombic efficiency and ultimately causes failure 
of batteries.[10] Therefore, the ionic conductivity and the mechan-
ical strength of the SEI film are critical for the electrochemical 
performance of Li-metal anodes.

Many strategies have been developed to tune the proper-
ties of the SEI to suppress the formation of Li dendrites and 
enable uniform electrodeposition. Approaches to design the 
SEI layer on Li-metal anodes have been based on optimiza-
tion of electrolyte formulation,[11] physical vapor deposition,[12] 
or in situ polymer coating,[13] mainly aiming to improve ionic 
conductivity of the SEI to mitigate depletion of Li-ions at the 
Li-metal surface. There have also been efforts devoted to build 
artificial SEIs with enhanced mechanical properties to suppress 
its mechanical failure (breaking/cracking) caused by dendritic 
growth or interface displacement.[14] However, an understanding 
of the relationship between properties of the SEI and the elec-
trodeposition behavior of Li is still lacking due to the difficulty 
to simultaneously probe the influence of electrochemical and 
mechanical processes as well as to theoretically disentangle 
the contribution of these processes at the electrode/electrolyte 
interface. Several theories have been put forward to describe the 
electrochemical deposition process, including Butler–Volmer 
reaction kinetics representing local current distribution,[15] space 
charge layer, and mass transfer limitations near the electrode 
surface.[5b,16] From a mechanical point of view dendritic growth 
has been considered in relation to mean stress at plating/strip-
ping and deformation of the SEI.[15b,17] Specifically, the growth 
process of deposited Li has been proposed to be governed by 
elastic-plastic deformation of both Li metal and SEI, [18] but so 
far little attention has been paid to thoroughly understand the 
ECM mechanism for deposition of Li in the presence of a SEI.

In this work, we build an electro-chemo-mechanical model 
involving electrochemical kinetics and mechanics to investigate 
how to tune the properties of an artificial SEI to enable uniform 
electrodeposition of Li. The model is developed from a modi-
fied Butler–Volmer equation including electric, stress and Li-ion 
concentration fields to describe the electrodeposition process at 
the interface between SEI and Li-metal. It is here implemented 
in a phase-field model with a structured substrate covered with 
an SEI. With this method, we disentangle the role of the ionic 
conductivity and Young’s modulus of the SEI and show that 
both properties play significant roles in the electrodeposition 
behavior of Li. The results from the modeling are benchmarked 
with experimental data previously reported in literature and 
provide a guide to future design and optimization of artificial 
SEIs for Li metal anodes. The model and computing strategy 

developed in this work are general and can readily be transferred 
to the design of protective interlayers for other metal anodes.[19]

2. Results and Discussion

To investigate the electrodeposition of Li under coupled physical 
fields near the electrode surface, a structured substrate was built 
following the approach we previously reported and shown in 
Figure S1 (Supporting Information).[5b] Usually the surface of Li 
metal should be flat after coating with artificial SEI, but the sur-
face will not be perfectly flat during repeated plating/stripping 
and defects created during cycling will inevitably result in struc-
tural fluctuations.[20] In this work, such structural fluctuations 
have been abstracted to a rectangularly patterned surface, with 
the substrate having rectangular pillars (10  × 5  µm) and being 
covered by an artificial SEI film (uniform thickness of 1 µm). This 
structure used in the electro-chemo-mechanical model is suit-
able to simulate the behavior of an artificial SEI since it can be 
considered as a homogeneous continuum in contrast to a native 
SEI.[13] The detailed parameters for this electro-chem-mechanical 
model are summarized in Table S1 (Supporting Information). 
With phase-field modeling we can directly visualize the electric 
field, Li-ion concentration and the mechanical stresses at the 
interface and follow the evolution of the morphology of elec-
trodeposited Li as a function of time. The simulations were run 
until either the gap between the pillars was closed, or as a result 
of a drastically decreased electrodeposition rate.

To simulate the electrodeposition process of Li from the elec-
trolyte (Figure 1) a 2D transient model is used where the flux of 
Li ions is given by the Nernst-Planck equation:[5b,16a,21]

φ
φ

= − ∇ − ∇
= − ∇ − ∇
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where 
� ��
Ne  and 

� ��
Ns , De and DS, ceand cS, ue and uS, φe and φS 

are the transfer vectors, the diffusion coefficients, the concen-
trations of Li ions, the ionic mobility, the potentials, in the elec-
trolyte and in the SEI layer, respectively, and +qLi  is the charge 
of the Li-ion and F is the Faraday constant.

Figure 1. Schematic of electrodeposition of Li at the interface between 
the bulk metal electrode and SEI involving electrochemical kinetics of Li 
as well as mechanical stresses.
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The deposition process can be described according to the 
simplified reaction:[22]

+ → ↓+ −Li e Li  (2)

The local current density as a function of potential, Li-ion 
concentration and stress field can be expressed by a modified 
Butler-Volmer equation:[23]
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where i0 is the exchange current density, α, and β are the anodic 

and cathodic transfer coefficients, respectively, and 
1
2

α β= =  

for a single-electron reaction. η is the overpotential that can be 
expressed as η  =  (φS,0 − φe − φs) − Δφeq, where φS,0 is the poten-
tial of the Li electrode. ,+cLi ref  and +cLi  are the Li-ion concen-
tration in the electrolyte close to the substrate and in the SEI, 
respectively. The concentration of Li-ions near the substrate can 
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after solving the mass conservation equation with related 
boundary conditions and applying the Nernst-Einstein equa-
tion.[24,25] To describe the influence of a stress field on the local 

current density, the term exp
α µ= ∆





−
RR

RT
e  is introduced in Equa-

tion (3) where the parameter µ∆ −e , defined as the electrochemical 
potential change induced by the local strain, includes hydrostatic 
stress (σkk = σ1  σ2 + σ3) as well as deviatoric stress (Sij).[26] Fol-
lowing the approach developed by Monroe and Newman, the 
deformation parameter µ∆ −e  can be express as:[26b,27]

1
2

1 · · · ·

1
2

1 ·

µ γ

σ σ

{ }( )
( )

( )
( )

( )

( )

( )∆ = − + − × −∇ − − 

+ − − +

− +

+

x V t V n n n S S

V t V

e Li Li LiX s ij
Li

ij
SEI

Li Li LiX kk
Li

kk
SEI

�� � �

 
(5)

where VLi  and VLiX  represent the partial molar volumes of Li 
metal and lithium salt, respectively, see Supporting informa-
tion, +tLi

 is the transference number of Li-ions, γ and ∇s are 
the surface energy and surface gradient, respectively. 

�
n  is the 

normal vector to the Li-metal/SEI interface. For a 2D calcula-
tion of electrodeposition, ·−∇ �

ns  can be defined as the local 
curvature (K) of the displacement at Li-SEI interface[26a,28] and 
assuming small strain at the interface, the kinematic stress-
strain constitutive relation is given by Hooke’s Law:[29]
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2

1 2
σ

υ
υ

υ
=

+
∇ +

−
E E

ij �
�  (6)

where E is Young’s modulus, �
�

 is the displacement of the 
Li-SEI interface and υ is Poisson’s ratio, see details in Sup-
porting Information. Substituting Equations (4), (5), and (6) 
into Equation (3), the local Faradic current density is now a 

function of the ionic conductivity of the SEI, local stress, and 
the overpotential,

, ,Faradic ψ σ η( )= +i f Li ij  (7)

To investigate role of ionic conductivity of the SEI on the elec-
trodeposition of Li, the parameter Γ is introduced as the ratio of 
the ionic conductivity of the SEI and that of the liquid electro-
lyte, where the latter is fixed to 1.5 × 10–2 S cm–1 at room tem-
perature.[30] To independently investigate the impact of the ionic 
conductivity of the artificial SEI it is first treated as an ideal elas-
tomer. The flexibility of SEI is also critical mechanical property 
for metal anodes to address the issues of volume change during 
the electrochemical plating/stripping.[31] In our model, only 
the elastic behavior of SEI is investigated in this work and the 
plastic deformation or stress relaxation of SEI is not included. 
The applied current density in this work was set as 0.5 mA cm–2.

When the conductivity is very low, Γ = 0.001–0.01 in Figure 2a,b,  
there is a depletion of Li-ions in the SEI and as a result, the cur-
rent density on the surface of the substrate is very low. With 
increasing conductivity, there is less Li-ion depletion in the SEI 
and the concentration gradient between the liquid electrolyte and 
the SEI is decreased, Figure 2a–c. Above Γ = 0.1 (Figure 2d and 
Figure S2a: Supporting Information) only negligible changes 
are observed with a high current density localized to the top of 
the pillars. The electrodeposited Li under the SEI with low ionic 
conductivity (Γ = 0.001 and 0.01) shows a teeth-like morphology 
and low electrodeposition probability during the whole process 
(Figure 2e,f), whereas at higher conductivities (Γ ≥ 0.1) a bulb-
like morphology and higher electrodeposition probability are 
found (Figure  2g,h and Figure S2b: Supporting Information). 
The above results indicate that Γ  = 0.1 can be considered as a 
threshold value in order to obtain efficient and homogeneous 
electrodeposition of Li on a substrate covered with an artificial 
SEI, when considering the ionic conductivity alone.

To quantitatively analyze how the ionic conductivity of SEI 
affects the electrodeposition of Li, the distribution of Faradic 
current density on the substrate is calculated and shown in 
Figure 3 and Figure S3 (Supporting Information). The Faradic 
current density is close to zero when the ionic conductivity of 
the SEI is low, Γ = 0.001, but increases rapidly with increasing 
conductivity (Figure  3a and Figure S3a: Supporting Informa-
tion). When the ionic conductivity of the SEI is above Γ = 0.1, 
the Faradic current density only shows little change at the ini-
tial state. As electrodeposition proceeds of Li the Faradic cur-
rent density increases (Figure S3, Supporting Information). At 
the convergence state, it is concentrated to corners of the pillars 
when the SEI has a low low-ionic-conductivity (Γ  = 0.001 and 
Γ  = 0.01) but becomes more uniform when the ionic conduc-
tivity of SEI is over the threshold value Γ>0.1 (Figure  3b). To 
confirm that Γ > 0.1 is a threshold value, simulations were run 
with SEIs with extremely high ionic conductivities, Γ  = 2.0–
10.0, which has not been reported experimentally. As shown in 
Figure S4a–c (Supporting Information), an even distribution 
of Faradic current density is observed at such ultrahigh ionic 
conductivities. Here, the electric field lines go through, or even 
along, the SEI, suggesting that an ultrahigh ionic conductivity 
enables a freer transport of Li-ions. At the convergence state, 
the thickness of Li deposited on top of the pillars, as well as 
the curvature decreases with the increasing Γ (Figure S4d–f, 
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Supporting Information) and the electrodeposition probability 
is found to be uniform when Γ is above 5.0 (Figure S4g–i, Sup-
porting Information).

As a result of Li deposition at the interface between an SEI 
with a finite Young’s modulus and the substrate, local stress will 
be generated due to the deformation of the SEI, with a magni-
tude depending on the elastic modulus. To investigate the electro-
deposition of Li including a stress field, the Young’s modulus (E) 
of the SEI was set to 1 GPa. The results in Figure 4a–e show that 
the concentration gradient near the electrode surface decreases 
considerably, while Faradic current density is enhanced with 
increasing ionic conductivity in the region of Γ = 0.001–1.0. This 
indicates an accelerated kinetics for the electrochemical reaction 
with increasing ionic conductivity in the SEI. The stress at the 
interface, induced by deposition of Li, varies over the surface of 
the pillars. As shown in Figure 4f,g and Figure S5a,b (Supporting 
Information), a stress concentration on the corners of the pil-
lars is observed for electrodeposition under SEI with low ionic 

conductivity (Γ = 0.001 and 0.01). With increasing ionic conduc-
tivity (Γ = 0.1–1.0) the stress concentration region extends along 
the pillar and the magnitude of stress decreases (Figure 4h–j and 
Figure S5c–e: Supporting Information).

The deformation of the SEI and the resulting stress concentra-
tion will further affect the kinetics of Li electrodeposition. Statis-
tics of von Mises stress, in form of vertical cross-sections starting 
from the boundary between substrate and SEI at the initial state, 
is shown in Figure 4k–o (Supporting Information). The boundary 
is marked by the white line and the corresponding coordinate for 
the starting point is 23 µm, as shown in Figure 4f–j (Supporting 
Information). The maxima of von Mises stress on the profile of 
pillar decreases with increasing ionic conductivity of the SEI film. 
These results suggest a compressed growth of Li in the vertical 
direction for the SEIs with low ionic conductivity (Γ  < 0.1). A 
region of high-stress concentration is formed on the corner of the 
pillar where the SEI film has a high probability for cracking in 
the case of SEIs with moderate Young’s modulus of 1 GPa.

Figure 3. Distribution of Faradic current density on substrates covered by SEIs with various ionic conductivities at a) initial and b) convergence states.

Figure 2. Electrodeposition of Li metal on substrates covered by SEIs with different ionic conductivities. Li-ion concentration (background color) and 
electric (colored arrows) fields at the initial state with substrates covered by SEIs with a) Γ = 0.001, b) Γ = 0.01, c) Γ = 0.1, d) and Γ = 1.0. Evolution of 
electrodeposition probability (colored profile lines) on substrates covered by SEIs with e) Γ = 0.001, f) Γ = 0.01, g) Γ = 0.1 and h) Γ = 1.0.
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To investigate the effect of mechanical strength the Young’s 
modulus of the SEI was varied, E = 0.1- 100 GPa, while the ionic 
conductivity was fixed to Γ  = 0.1. The evolution of the mor-
phology in Figure 5a,b and Figure S6 (Supporting  Information) 
shows that a preferred growth is observed at the corners of the 
pillars of the substrate when the Young’s modulus is lower 
than 3.0  GPa. This trend is also shown by the current density 
at (see in Figure  5f–j, Supporting Information). A preferred 
growth at some locations will invariably induce stress concen-
tration. As shown in Figure 5k,l, a significant stress concentra-
tion is revealed for low Young’s modulus (E = 0.5 and 0.1 GPa) 
in the neck region of the teeth-like morphology of deposited Li 
on the pillars of the substrate. This induces a significant risk 
of breakdown of deposited Li layer. With increased mechanical 
strength of the SEI (E = 1.0–3.0 GPa), the morphology of depos-
ited Li changes to bulb-like and the region of stress concentra-
tion moves to the top corners of the pillars on the substrate 
(Figure  5m,o). For SEIs with a very high mechanical strength, 
E > 4.0 GPa, a uniform stress distribution, with very little stress 
concentration is observed (Figure S7, Supporting Information), 
as a result of a much more even Li electrodeposition. From the 
distribution of von Mises, Figure S8 (Supporting Information), 
a decrease in the maximum stress and a shift of the region of 
stress concentration toward the center of the pillars is found for 

increasing Young’s modulus of the SEI. Therefore, increased 
mechanical strength of the SEI is an effective way to suppress 
stress concentration and to reduce the possibility of breaking the 
SEI, or even the whole electrode, during electrodeposition. How-
ever, 4.0 GPa can be considered as a threshold value since there 
is little change when increasing the strength beyond this value.

The effect of Young’s modulus of the SEI is further inves-
tigated by quantitatively analyzing the deformation of 
electrodeposited Li along the horizontal (X) and vertical (Y) 
directions. The deformation ratio (deformation in Y divided 
by deformation in X) in Figure 6a shows a double logarithmic 
behavior with Young’s modulus, illustrating that the enhanced 
compression in the vertical direction switches to the horizontal 
direction as the strength of the SEI increases, with E  ≈4  GPa 
as a critical value for this transition. Furthermore, maximum 
thicknesses of Li in the horizontal and vertical directions were 
derived from the convergence states in Figure 5 and Figures S6 
and S7 (Supporting Information). A preferred vertical growth 
is found for E < 4 GPa whereas as uniform growth is obtained 
for higher Young’s modulus of the SEI, also shown uniformity 
index for electrodeposition, Figure S9 (Supporting Informa-
tion). However, if the SEI is very rigid (E  ≥ 5.0  GPa) this will 
suppress the overall growth rate of Li due to lower Faradaic 
current density, thus resulting in less efficient Li-plating, with 

Figure 4. Electrodeposition of Li metal on substrates covered by SEIs with fixed Young’s modulus and different ionic conductivities. Concentration 
(background color) and electric (colored lines) fields near substrates covered by SEIs with E = 1 GPa and a) Γ = 0.001, b) Γ = 0.01, c) Γ = 0.1, d) Γ = 0.5 
and e) Γ = 1.0. Stress field at Li-SEI interface with different ionic conductivity of SEI f) Γ = 0.001, g) Γ = 0.01, h) Γ = 0.1, i) Γ = 0.5 and j) Γ = 1.0. Von 
Mises stress at Li-SEI interface with different ionic conductivity of SEI k) Γ = 0.001, l) Γ = 0.01, m) Γ = 0.1, n) Γ = 0.5 and o) Γ = 1.0. The starting point 
at the x-axis (23 µm) is the boundary between substrate and SEI at the foot of the pillar at the initial state, shown in Figure S1 (Supporting Information).

Adv. Energy Mater. 2022, 2103589
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the time to convergence state, Figure  6c, increasing exponen-
tially with the Young’s modulus. Therefore, a moderate Young’s 
modulus around 4.0  GPa is a good compromise to mitigate 
stress concentration in order to suppress the breakdown of 

the SEI and to promote uniform electrodeposition without 
decreasing the deposition rate significantly.

To compare our modeling results to experimental data, 
ionic conductivity and Young’s modulus of artificial SEI con-

Figure 5. Morphology evolution and distribution of physical fields on electrodeposited Li covered by SEI with different mechanical strength. Evolu-
tion of electrodeposition probability (colored profile lines) on substrates covered by SEIs with Young’s modulus a) E = 0.1 GPa, b) E = 0.5 GPa, c) 
E = 2.0 GPa, d) E = 3.0 GPa, e) E = 4.0 GPa. Concentration (background color) and electric (colored lines) fields near substrates covered by SEIs with 
Young’s modulus f) E = 0.1 GPa, g) E = 0.5 GPa, h) E = 2.0 GPa, i) E = 3.0 GPa, j) E = 5.0 GPa at convergence state. Stress field obtained with SEIs with 
different Young’s modulus k) E = 0.1 GPa, l) E = 0.5 GPa, m) E = 2.0 GPa, n) E = 3.0 GPa, o) E = 4.0 GPa at convergence state.

Figure 6. Uniformity of Li electrodeposition with different mechanical strengths of the SEI. a) Deformation ratio of electrodeposited Li (see text) as 
a function of Young’s modulus at convergence state. b) Max growth of Li in horizontal (X) and vertical (Y) directions. c) Electrodeposition time as a 
function of Young’s modulus of SEI. Symbols are modeling data and full lines are fits to double logarithmic (a), and exponential functions (c).
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cepts reported in literature are listed in Table S2 (Supporting 
Information) and plotted in Figure 7. It is interesting to note 
that most of the reported concepts have lower ionic conduc-
tivity than the threshold value Γ  = 0.1 identified in our work. 
This implies that a homogenous electrodeposition with these 
SEIs will be difficult to achieve at high current densities or low 
temperature when Li-ion depletion is enhanced.[5b] From the 
mechanical point of view, the reported artificial SEI concepts 
can be sorted into two regions, those with a Young’s modulus 
above and below E = 4.0 GPa. Most of the concepts are based on 
materials with relatively high mechanical strength, E ≥4.0 GPa, 
which is enough to realize uniform growth of Li if the ionic 
conductivity is high enough. However, a high ion conductivity 
is most often found for soft SEIs, which induces a promoted 
growth in the vertical direction, following the results in our 
work, with an increased risk of mechanical failure of the SEI or 
even the electrode. The comparison of our modelling work to 
results reported in literature clearly points to that a significant 
advancement on improving the ionic conductivity of artificial 
SEIs while keeping the high mechanical strength is the most 
important direction of future work.

3. Conclusion

We report on an electro-chem-mechanical model based on the 
modified Butler–Volmer equation and its implementation in 
phase-field modeling to establish the correlation between phys-
ical properties of artificial SEIs and electrodeposition behavior 
of Li. Our simulation results show that both ionic conductivity 
and mechanical strength of SEI determine the distribution of 
stress at the interface as well as the local deposition rate. The 
electrodeposition of Li under SEI with low ionic conductivity 
results in a highly localized deposition stress concentration 
at these points. The stress concentration will not only control 
the kinetics of the electrochemical reaction but also induce the 
risk of mechanical failure of the SEI. An enhanced mechanical 

strength of the SEI can on the other hand mitigate stress con-
centration and a uniform distribution of von Mises stress and 
electrodeposition rate at the interface between the SEI and 
the Li-metal is obtained when the Young’s modulus of SEI is 
greater than a threshold of 4.0  GPa. In our work we identify 
critical values of ionic conductivity and mechanical strength of 
the artificial SEI to enable uniform electrodeposition of Li. A 
comparison of our modelling results with previously reported 
experimental results clearly identifies that improving the ionic 
conductivity, without compromising the mechanical strength, 
of artificial SEIs is the key development direction to promote 
uniform of deposited Li. Furthermore, the methodology applied 
here for Li-deposition can be directly transferred to investi-
gate the electro-chemo-mechanical coupling mechanism at 
the interface between liquid/solid electrolytes and other active 
metal electrodes, which will boost the practical application of 
metal anodes in next-generation batteries.
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