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Abstract

Solid electrolyte interphase (SEI) layer stability and homogeneity are critical toward understanding
the root causes behind performance decay and safety concerns with lithium metal electrodes for
energy storage. This study focuses on deducing mechanistic insights into the complexations
between Li metal electrode and SEI during electrodeposition. It is found that the formation of Li
dendrite can be initiated by two distinct mechanisms: (i) aggressive Li-ion depletion near the
anode-SEI interface at high reaction rates or low temperature attributed to transport limitations,
and (i1) spatially varying reaction kinetics at the SEI-electrode interface due to SEI inhomogeneity
even at low currents. Subsequent mechanical stability analyses reveal that significantly high stress
is generated due to nonuniform Li electrodeposition which could lead to crack formation in the
existing SEI layer, and consequently exposure of fresh lithium to the electrolyte resulting in
enhanced capacity fading. Furthermore, a non-dimensional analysis relating the interfacial stress
induced failure propensity to electrochemical Biot number and SEI heterogeneity factor is

proposed, which delineates stable lithium deposition regimes.

Keywords: Lithium metal electrode, Lithium electrodeposition, Solid electrolyte interphase, SEI

heterogeneity, Interfacial stress
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Introduction

Lithium metal as a negative electrode has attracted tremendous interest due to the burgeoning
demand for electrical energy storage.!” Universally considered in the scientific community as the
“Holy Grail” anode, Li metal surpasses current commercial Li-ion intercalation anodes with
regards to specific gravimetric capacity (~3862 mAh/g for Li metal vs. 372 mAh/g for graphite),
low density (~0.534 g/cm® for Li metal vs. ~2.2 g/cm® for graphite), and the lowest negative
electrochemical potential (0 V vs. Li/Li* for Li metal against stoichiometrically varying 0 - 1.5V
vs. Li/Li" for graphite).* > Consequently, Li metal offers a realistic perspective for high energy
density rechargeable batteries; also evidenced by the resurgent research focus in beyond Li-ion
chemistry, such as Li-sulfur and Li-air battery systems.5® A critical challenge for Li metal anodes
centers around unmitigated Li dendrite growth, which degrades cell performance and causes safety
concerns, such as low cycling efficiency, thermal runaway, and short circuit.!' Several approaches
have been proposed to enable dendrite-free electrodeposition, for example, utilizing solid

12-14

electrolytes with high toughness to prevent dendrite propagation, employing highly

5

concentrated electrolytes to prevent electrolyte depletion,'® and electrolyte additives to slow

16,17

dendrite growth kinetics, as well as patterning nano/microscale electrolyte transport channels

18-20 21-23

to regulate Li-ion flux distribution, amongst other techniques.

A common feature of intercalation (such as, graphite) and Li metal anodes for liquid
electrolyte systems is the formation of a passivating layer known as the solid electrolyte interphase

(SEI) through the reduction of electrolyte solvent and salt with Li, intercalated or otherwise. The
3
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SEI layer allows for the transport of Li-ion from the electrolyte to the anode surface while
preventing further deleterious reactions between the anode and electrolyte.>*?” The mechanism of
SEI formation in intercalation anodes (e.g., graphite) is well established; SEI is predominantly
formed during the initial formation cycles, growing continuously with further electrochemical
cycling, albeit at a much slower rate, which contributes to the capacity fade of the Li-ion battery
system.?® 2% For state-of-the-art Li metal anode, extensive efforts have been made to unravel the
SEI formation mechanisms.? 332 Similar to the case of graphite, the SEI on Li anode is
multicomponent, of which the major inorganic constituents include Li>O, Li2S/Li>S», LiF, Li2COs3,

and LiOH, depending on the battery system and operating conditions.*

For commercially used intercalation anodes (e.g., graphite), the SEI exhibits good chemical
and mechanical stabilities under small volumetric changes (~10%) of the active material.>® In
contrast, the immense volume change of Li metal renders the SEI unstable, eventually resulting in
disintegration of the SEI layer. The fracture of the SEI layer decreases local Li-ion transfer
resistance, thereby initiating Li dendrite formation.** Also, repetitive fracture of the SEI during Li
plating/stripping results in fresh contact of electrolyte with Li metal surface, resulting in unabated
parasitic Li depleting reduction reactions leading to faster SEI growth and poor cycling efficiency.’
Additionally, an inhomogeneous SEI layer can induce Li dendrite formation due to the spatially
non-uniform Li-ion flux through the SEI. Therefore, it is imperative to develop fundamental

understanding of the lithium metal and SEI interactions.

In the field of electrodeposition, the growth mechanism of metallic electrodeposits has been
4
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examined theoretically in literature. For instance, the dendrite tip is found to have a faster
deposition rate stemming from spherical diffusion.*> Nevertheless, theoretical studies are lacking
with respect to the role of SEI during initial Li nucleation and growth. In literature, it has been
proposed that SEI can break down while accommodating the morphological changes of the Li
metal surface.* ** In this regard, we aim to develop a mechanistic understanding of the lithium
electrodeposition and SEI interactions based on a mesoscale formalism, especially focusing on the
inhomogeneity of the SEI layer. Lithium dendrite induced mechanical instability of the SEI layer
is further examined. To simplify the complexity of modeling coupled Li deposition and SEI
electrochemical reactions, as a first approximation, the electrochemical details of the SEI growth

during Li electrodeposition is not considered.?®

Results and discussion

1. Impact of deposition reaction kinetics and temperature with homogeneous SEI

For Li plating, the related model is illustrated in Figure 1(a), which shows the three processes
considered in this study. In the vicinity of the SEI layer, lithium ion sheds its solvent molecules
and resides on the SEI layer upper surface. Subsequently, the Li ion diffuses through the SEI layer.
Upon the arrival at the Li metal-SEI interface, the Li-ion is reduced and then directly deposited on
the Li metal surface, accompanied by the electron transfer. As the electrodeposition continues, the
accumulated Li drives the Li-SEI interface evolution (i.e., moving upward). In this study, the SEI

thickness is assumed to be 21 nm, which is consistent with the reported ones in literature.>® 3637



Journal of Materials Chemistry A

To begin with, a homogeneous SEI layer is considered to study Li electrodeposition on the
lithium metal anode. Initially, the flat SEI layer is in perfect contact with Li metal. The operating
temperature is maintained at 300 K. To quantify the roughening of Li metal-SEI interface, the
roughness parameter is formulated as:

R, =%'|'OL|x—xc|dy, (1)
where R, is referred to as the arithmetical averaged deviation of the assessed profile, x is the
vertical distance from the mean line, x. is the height of the mean line, and y is the corresponding

position in the horizontal direction.
Figure 1(b) shows the roughness of Li metal-SEI interface as a function of the overpotential.
For instance, R, is 0.8 nm for the deposition morphology at the overpotential of 0.18 V exhibiting

uniform film type deposits. As the overpotential increases, the Li metal surface becomes rough at

the nanoscale during Li plating, showing a series of peaks and troughs with dimensional variability.

Roughness increases with the local overpotential and shows an exponential increase when the
overpotential exceeds 0.22 V. Eventually, the drastic change in the roughness of the undulating Li
metal-SEI interface leads to the formation of Li dendrite. In this case (7'= 300 K), Li dendrite is
initiated at the overpotential of 0.24 V. High deposition overpotential results in high plating current
density favoring Li dendrite formation, and transport limitations become prominent. Thus, Li metal
is prone to form dendrites under high current density, which has also been rationalized in earlier

studies.®
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In addition to overpotential, temperature also affects Li electrodeposition. In terms of local
overpotential and temperature, Figure 1(c) depicts the phase map for Li deposition morphology,
which is divided into two categories: uniform deposition (green) and dendrite (yellow). For a given
overpotential, Li is uniformly deposited over the anode surface at high temperatures. However, as
the temperature decreases, the morphology can experience a transition from film-type Li deposits
to Li dendrite. According to Equation (3), Li-ion diffusion rate in the SEI is reduced as the
temperature goes down, and thus, sluggish Li-ion transport in the SEI primarily accounts for Li
dendrite growth at relatively low temperatures. From experiments, the initiation time of Li dendrite
was observed to be shortened at a low temperature,®® and a theoretical model also found that Li
dendrite formation was favored at a low temperature.*

To further explore Li plating behavior, theoretical analysis is used to understand the
mechanism of Li dendrite formation. For the system considered here, the limiting current density

1s given as

2¢,DF
L= Oh ) (2)

where co is the initial bulk concentration of Li-ions in the SEI (1.5 M), 4 is the thickness of SEI

(21 nm), and the SEI diffusivity D can be obtained by*!

E
D=d? -—|, 3
vexp( " j 3)

b
where d is the distance between two adjacent sites, i.e. 3.5 A. Using the parameters listed in Table

1, the calculated diffusivity of Li-ion in SEI is 4.7 x 10"1° cm?/s, which is much smaller than the

7
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reported ones in liquid electrolytes,*? but comparable to Li diffusivities in insertion-host electrode
materials.**** Using Equation (5), we get the limiting current density as 64.8 mA cm?.

Theoretically, iL is the maximum current density that the electrochemical system can achieve.

Figure 2(a) shows the current density profiles at varying overpotentials, where the total time,
tu 1s estimated as 1.03 s, 0.32 s, and 0.16 s for the overpotentials of 0.12 V, 0.18 V, and 0.25 V,
respectively. In the early stage of Li plating, the current density rapidly increases as the SEI is
filled with Li-ions. For the overpotentials of 0.12 V and 0.18 V, the current densities reach
relatively stable values. In contrast, the overpotential of 0.25 V leads to an unstable current density,
which gradually approaches to the critical current density iz. Under this situation, the enhanced

roughening of Li metal-SEI interface contributes to the formation of Li dendrites.

Correspondingly, Figure 2(b) shows Li-ion concentration profiles in the SEI thickness
direction, which compares results from the kinetic model (scatter) and theoretical prediction (line).
The steady-state concentration distribution for the system under study can be analytically obtained

as (Supplementary Information):
z:;[l_zgju. @

From Figure 2(a), the theoretically predicted critical current density of Li dendrite formation
i1s consistent with the one in the kinetic model, and the concentration distributions from the
analytical solution are also in good agreement with those based on the kinetic model in Figure 2(b).

It is to be noted that both the kinetic model and analytical estimation demonstrate complete Li-ion

8

Page 8 of 27



Page 9 of 27

Journal of Materials Chemistry A

depletion at the Li metal-SEI interface when Li dendrite is initiated.

2. SEI heterogeneity implications

It should be noted that the aforementioned results are obtained under the assumption that SEI
layer is homogeneous. In reality, SEI exhibits a complex structure, comprising various components,
and the resulting spatial heterogeneity can affect Li-ion transport and reduction at the Li metal
surface. To study the effect of the SEI layer inhomogeneity, the center region of SEI is assigned a
different diffusivity D., varied by changing the Li-ion diffusion barrier in the SEI (see Table 28 in
Supplementary Information). Hence, D./D represents the SEI inhomogeneity in our model. For the
subsequent results, the dimensions of the center region are set to 0.1 L (L the system length) by 4
(h the SEI height), the operating temperature is 300 K, and the overpotential is 0.15 V, which
produces a current density around 0.3 iz, much smaller than the limiting current density i;.

Figures 3(a)-(c) illustrate Li deposition morphologies for D./D =1, D./D = 3.2, and D./D =
0.3, respectively from the numerical model. Here, grey is SEI, blue is Li metal, and red is Li-ion.
In the three cases shown, only the diffusivity in the center region is varied. The three snapshots are
captured at the same time of 0.12 s. In Figure 3(a), because of the homogeneous SEI, Li-ion is
uniformly distributed in the length direction, leading to uniform Li deposition over the anode
surface. The central region with disparate diffusivity is highlighted in light blue in Figures 3(b)

and 3(c). From Figure 3(b), it is evident that that more Li-ions are reduced and deposited in the
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center region due to its relatively larger diffusivity. As a result, needle-like Li begins to grow. Here,
it implies that owing to the inhomogeneity, Li dendrite can be initiated even if the current density
is much smaller than the limiting current density, i.e. i = 0.3 iz. This result is in good agreement
with the reported experiments, where Li dendrite could be observed even at low rates.* 4% 47

Conversely, Figure 3(c) shows that fewer Li-ions are deposited in the center region (D./D = 0.3)

compared to other locations, thereby forming a cavity at the center.

Figure 3(d) shows Li-ion concentration profiles in the length direction, where the center
region has a lower diffusion barrier. It can be seen that a peak arises at the center, where Li-ion
concentration becomes larger as D./D increases. In addition to Li-ion flux in the thickness direction,
local Li-ion flux is formed near the center region shown in Figure 3(b), and thus, Li-ions are
attracted into the center region from outside. As a result, the center region is replenished with more
Li-ions to support the growth of Li dendrite. Figure 3(d) also indicates that because of the local
flux, relatively low Li-ion concentration is caused on the adjoining sides of the center region.
Conversely, Figure 3(e) shows that the center region has the minimum Li-ion concentration. Li-
ions exhibit tendency to diffuse from the center region to outside, which leads to elevated Li-ion
concentration in the region adjacent to the center region. Figure 3 demonstrates that the
inhomogeneity in diffusivity dramatically affects Li-ion flux and thus Li electrodeposition

morphology.

The aforementioned results strengthen the hypothesis that the presence of SEI inhomogeneity

can lead to highly non-uniform lithium electrodeposition. The resulting dendrite/cavity formation
10
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can also generate stress in the SEI, which could affect the SEI layer stability and lead to
performance decay. To analyze the mechanical stability of the SEI, Li plating induced stress in the
SEI is examined by using finite element method. In our model, the periodic boundary condition is
applied in the length direction (y-axis direction). In the thickness direction (x-axis direction), the
displacement field of the SEI lower surface is determined by the roughness profile at the Li metal-
SEI phase boundary. The SEI upper surface is assumed to be stress-free, implying that the
resistance from the electrolyte to the growing Li anode is neglected, which is applicable to the
system with liquid electrolytes before the deposited Li impinges onto the separator. For the
mechanical properties of the SEI layer, the Young’s modulus and Poisson’s ratio are set to 10 GPa

and 0.3, respectively.

Figure 4(a) shows the profile of Li metal-SEI interface for the case of D./D = 3.2 (higher
center region diffusivity). The corresponding stress field in the SEI is illustrated in Figure 4(b),
with the x-axis direction along the vertical direction and y-axis direction along the horizontal
direction. Negative stress values indicate compressive stress and positive values imply tensile
stress. For the stress in the x-axis direction oy, the upper contour in Figure 4(b) shows that the
center region is subject to large compressive stresses (dark blue) at Li metal-SEI interface,
originating from the pressure induced by Li dendrite growth in the x-axis direction. To balance the
compressive stress in the center region, the two sides adjacent to the center region undergo large
tensile stresses. Different from the stress oxx, the contour of gy, indicates that the stress in the center

region experiences a distinct transition from compressive to tensile stress signature initiating from
11
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the Li metal-SEI interface. In Figure 4(b), the interfacial roughness at other locations also generates
stress, but the affected zone is much smaller than the one induced by the dendrite in the center
region.

Figure 4(d) shows the stress field in the SEI under the profile of Li metal-SEI interface for
the case of D./D = 0.3 (lower center region diffusivity) in Figure 4(c), with a cavity in the center
region. Compared to the stresses in Figure 4(b), Figure 4(d) shows that most regions have relatively
smaller stresses, which are of opposite sign. For example, g,, in the center region experiences an
opposite transition from tensile stress to compressive stress in the thickness direction. From Figure
4, it can be seen that huge stresses mainly occur near the center region, where dendrites and cavities
are formed. This stress could fracture the passivated SEI layer leading to the creation of fast Li-
ion transport channels, and the large local Li-ion flux, in turn, favors Li dendrite growth at these
“hot spots”.>* After the dendrite is exposed to fresh electrolyte, unabated SEI growth can occur

resulting in capacity fade and poor cycling efficiency.’
3. Non-dimensional analysis of deposition stability

Further, the maximum shear stress is used to assess the mechanical stability of SEI, consistent
with the Tresca yield criterion in failure theory.*® In view of the large stress near the center region,
the average maximum shear stress is calculated for the SEI bottom spanning 0.3 L, the center part
(0.1 L) and the two sides of the center part (both 0.1 L). To delineate the impact of the coupled

transport-reaction dynamics and the SEI inhomogeneity on stress generation, consistent non-

12
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dimensional numbers corresponding to each phenomenon are defined. We introduce the
electrochemical Biot number, Biccrem, contrasting the relative magnitudes of the Li-ion diffusive
transport resistance in the SEI to the charge transfer resistance at the Li metal-SEI interface. This
formulation is derived analogously from electrochemical Biot number formulation for
intercalation electrode comparing the relative magnitudes of diffusive transport resistance of Li
atoms inside the electrode particles and interfacial charge transfer resistance at the electrode
particle-electrolyte interface. A large magnitude of the Biot number corresponds to diffusion-
limited scenario, while small Biot number systems are dominated by the interfacial resistance. For

the Li metal-SEI system, the electrochemical Biot number is defined as:

Biechem = Ih .
c,DF

0

)

The diffusivity, D, used here is the nominal diffusivity of Li‘ions in the SEI, as defined earlier. SEI
heterogeneity, y, is quantified using the ratio of Li-ion diffusivities in the central and adjacent

regions of the SEI

X=—= (6)

Figure 5 shows a contour map of the stress magnitude in the center region as a function of the
electrochemical Biot number and SEI inhomogeneity. The results demonstrate that the maximum
stress shows rapid increase with SEI inhomogeneity while it has a relatively weak dependence on
the electrochemical Biot number, and correspondingly current density. For a fixed current density,

increased SEI inhomogeneity facilitates the growth of Li dendrite. For a specific SEI heterogeneity,

13



Journal of Materials Chemistry A

the growth of Li dendrite also shows direct correlation with current density increase. The
simultaneous increase of current density and SEI heterogeneity has a compounding effect, causing
large stresses which leads to the breakdown of SEI when the stress reaches the yield strength in
shear. Thus, SEI heterogeneity can aggravate dendrite formation and cause SEI disintegration even
at current densities far below the limiting current densities. It is evident that stability of
electrodeposition and SEI layer is favored under low electrochemical Biot number operation with
homogenous SEI characteristics. Furthermore, a mechanically robust SEI can alleviate the failure
caused by Li growth during plating. SEI with a higher yield stress can endure uneven Li
electrodeposition due to a higher current density or a higher SEI inhomogeneity, which inhibits
crack formation in SEI and thus averts parasitic reactions between electrolyte and Li electrode,

thereby enhancing capacity retention.

The results shown here suggest that the formation of Li dendrite can be initiated under
significantly high overpotential and/or low operating temperature, as the current density
approaches the limiting current density. According to Equation (5), it can be concluded that Li
dendrite can be suppressed by increasing Li-ion concentration and improving Li-ion diffusion
kinetics in the SEI. Because of the SEI inhomogeneity, non-uniform Li-ion flux can result in Li
dendrite formation even if the current density is significantly lower than the limiting current density.
The formation of dendrites and cavities generate large stresses at the Li metal-SEI interface. This
may lead to performance decay due to the mechanical instability of the SEI layer with cycling. For

lithium metal anodes, suppressing Li dendrite is critical in ensuring cyclability, which is partly
14
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governed by the SEI homogeneity. In the future, this study will be extended to describe concurrent

SEI growth and Li electrodeposition for lithium metal anodes.?

Conclusion

In summary, we investigated the role of reaction kinetics, operating temperature and SEI
inhomogeneity on Li electrodeposition morphology alongside mechanical stability of the SEI layer.
The kinetic model illustrated the mechanisms for transition of film-type deposition morphology to
dendritic deposits at high reaction current densities and low operating temperatures for
homogenous SEI. A steep increase in the SEI-Li interface roughness characterized this transition
regime and is a direct consequence of Li-ion transport limitations in the electrolyte. The results
also demonstrate the importance of SEI inhomogeneity; preferential deposition of Li metal occurs
in SEI regions with rapid diffusion leading to Li dendrite formation, even at low current densities
with no apparent transport limitations. Conversely, SEI regions with sluggish transport results in
the evolution of deposit free cavities over the corresponding domain. Subsequent mechanics
analyses revealed that the occurrence of preferential dendrites/cavities result in increased
perturbations of the Li-SEI interface and localized stress ramps in the vicinity of the irregularities,
which can rupture the SEI layer, as evidenced by the SEI stability phase map analysis based on
electrochemical Biot number and SEI inhomogeneity. This work offers a fundamental mechanistic
understanding of the effects of SEI on Li electrodeposition morphology, providing insights into

the role of Li plating-SEI interactions in battery degradation.

15
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Computational method

For lithium metal anodes, the principal electrochemical reaction on the anode surface is Li*
+ e © Li. Here, the local faradaic current density generated by the reaction is described by the

Butler-Volmer equation:*°

i, =i,| exp ﬁn —exp —ﬁn : @)
()5 )

where iy is the exchange current density of the redox reactions on Li metal, which could be as large
as 2 to 5 mA/cm.>">? Here, a and p are the charge transfer coefficients, obeying the relation, a +
S =1, F is the Faraday’s constant, R is the gas constant, and 7 is the operating temperature. 7 is

the overpotential, which is the driving force for the electrochemical reactions.

For a single lattice site at the Li metal-SEI interface, the reaction rate is thus expressed as:

K, ={o, o Na}, ®)

where a is the lattice constant of crystallized Li, and N, is the Avogadro constant. It should be

noted that when no Li ion is present at an interfacial site, the local reaction rate is zero.

Li-ion transport in the SEI layer is assumed to obey the Arrhenius expression:*!

kzvexp(;?‘], 9)

where v is the pre-exponential factor, approximately 10'°~10"3 s!, & is the Boltzmann constant,

16
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and E, is the energy barrier that needs to be overcome for Li-ion diffusion through SEI.

An account of the simplifying assumptions in the model is given here. The lattice size is 3.5
A, which is the same as that of bulk Li.>? Since a unit cell of Li contains two Li atoms, two adjacent
Li-ions are assumed to be reduced concurrently, which indicates that one lattice site in the anode
domain represents a unit cell of Li. For the two-dimensional model, the system has a length of 70
nm (L) and a height of 70 nm (H), composed of a 200%200 grid of 40000 lattice sites. SEI has a
size of 70 nm (L) by 21 nm (%). In the length direction, the periodic boundary condition is applied.
In the SEI domain, Li-ion concentration is kept at 1.5 M (M = 1000 mol/m?), which is equivalent
to 2% of the sites in the SEI being occupied by Li-ions. To compensate Li consumption at the Li
metal-SEI interface, new Li-ions are therefore adsorbed to the SEI upper surface, as shown in
Figure 1(a). The calculation runs until 7600 Li atoms are deposited on the anode surface. More
details of our methods are provided in Supplementary Information, including dynamical evolution
during Li plating, parameters used in the kinetic model, theoretical analysis of Li-ion concentration

distribution, and stress analysis.
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Figure

Caption

1

(a) Schematic of Li electrodeposition on lithium metal anode surface. Here, the red
circles are Li-ions, the green circles are solvent molecules, and the blue is metallic Li.
Reaction process: Li-ion desolvation from electrolyte to the top surface of SEIL Li-ion
diffusion in the SEI layer, and Li deposition at the Li metal-SEI interface. (b)
Nanoscale roughness of Li metal-SEI interface at various local overpotentials under
the temperature of 300 K, with two representative interface morphologies inserted. (c)
Phase map of Li electrodeposition morphology in terms of local overpotential and
temperature. Dendritic deposition is observed at low temperatures and high
overpotential.

(a) Current density profiles at varying overpotentials. Here i; and # are the limiting
current density and total deposition time. The total deposition times are 1.03 s (0.12
V), 0.32 s (0.18 V), and 0.16 s (0.25 V). Corresponding to the three cases, Li-ion
concentration profiles are shown in (b). Here, the lines are theoretical prediction and
symbols correspond to computations.

Effect of SEI inhomogeneity on Li electrodeposition. Here, the red circles are Li-ions
and the blue circles are deposited Li atoms. Diffusion kinetics is varied in the center
region, possessing a length of 0.1 L (L the system length) and a height of / (4 the SEI
height). (a) Homogeneous SEI. (b) The center region has a lower diffusion barrier. (c)
The center has a higher diffusion barrier. (d) and (e) are the concentration profiles in
the SEI layer obtained from the computational model.

Nonuniform electrodeposition induced stress in the SEI layer. (a) Profile of the Li
metal-SEI interface with D./D = 3.2, and (b) the corresponding stress contours

(O'XX Oy ) in SEL (c) Profile of the Li anode-SEI interface with D./D = 0.3, and (d)

the corresponding stress contours (Gxx Oy ) in the SEI layer.

Phase map for maximum shear stress (Tresca failure criteria) as a function of
electrochemical Biot number (Biechem ) and SEI heterogeneity( y4 ) . Maximum stress

scales strongly with SEI inhomogeneity and shows mild increase with current density
causing SEI fracture.
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Figure 1. (a) Schematic of Li electrodeposition on lithium metal anode surface. Here, the red
circles are Li-ions, the green circles are solvent molecules, and the blue is metallic Li. Reaction
process: Li-ion desolvation from electrolyte to the top surface of SEI, Li-ion diffusion in the SEI
layer, and Li deposition at the Li metal-SEI interface. (b) Nanoscale roughness of Li metal-SEI
interface at various local overpotentials under the temperature of 300 K, with two representative
interface morphologies inserted. (c) Phase map of Li electrodeposition morphology in terms of
local overpotential and temperature. Dendritic deposition is observed at low temperatures and high
overpotential.
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Figure 2. (a) Current density profiles at varying overpotentials. Here i, and # are the limiting
current density and total deposition time. The total deposition times are 1.03 s (0.12 V), 0.32 s
(0.18 V), and 0.16 s (0.25 V). Corresponding to the three cases, Li-ion concentration profiles are
shown in (b). Here, the lines are from the analytical solution and symbols correspond to the kinetic
model.
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Figure 3. Effect of SEI inhomogeneity on Li electrodeposition. Here, the red circles are Li-ions
and the blue circles are deposited Li atoms. Diffusion kinetics is varied in the center region,
possessing a length of 0.1 L (L the system length) and a height of 4 (% is the SEI height). (a)
Homogeneous SEI. (b) The center region has a lower diffusion barrier. (¢) The center has a higher
diffusion barrier. (d) and (e) are the concentration profiles in the SEI layer obtained from the kinetic
model.
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Figure 4. Nonuniform electrodeposition induced stress in the SEI layer. (a) Profile of the Li metal-

SEI interface with D./D = 3.2, and (b) the corresponding stress contours (O'XX,O'W) in SEL (c)

Profile of the Li anode-SEI interface with D./D = 0.3, and (d) the corresponding stress contours
(O'XX , O'W) in the SEI layer.
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Figure 5. Phase map for maximum shear stress (Tresca failure criterion) as a function of
electrochemical Biot number (Biechem) and SEI heterogeneity ( X ) . Maximum stress scales

strongly with SEI inhomogeneity and shows mild increase with current density causing SEI
fracture.
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Coupled mechanism of nonuniform Li plating and interfacial stress induced SEI instability is
elucidated.



