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Summary

Soft metals like lithium and sodium play a critical role in battery technology owing to their high energy
density. Texture formation by grain selection growth of soft metals during electrochemical processes
is a crucial factor affecting power and safety. Developing a framework to understand and control grain
growth is a multifaceted challenge. Here, a general thermodynamic theory and phase-field model are
formulated to study grain selection growth of soft metals. Our study focuses on the interplay between
surface energy and atomic mobility-related intrinsic strain energy in grain selection growth.
Differences in grain selection growth arise from the anisotropy in surface energy and diffusion barrier
of soft metal atoms. Our findings highlight the kinetic limitations of solid-state Li metal batteries,
which originate from load stress-induced surface energy anisotropy. These insights lead to the
development of an amorphous LixSiix (0.50<x<0.79) seed layer, improving the critical current density

at room temperature for anode-free Li solid-state batteries through the control of grain selection growth.



Introduction

The transition from intercalation-type anodes to metallic anodes represents a significant paradigm
shift in battery technology.! Li metal is considered an ultimate anode material for future high-energy
rechargeable batteries with specific energy higher than 350 Wh/kg if paired with intercalation cathodes,
and 500 Wh/kg if paired with conversion cathodes.! The energy density of Li metal batteries to
withstand repeated charge and discharge cycles depends on the efficiency of lithium deposition and
stripping. The morphology and microstructure of deposited lithium metal is a critical factor influencing
the Coulombic efficiency (CE) and cycle life of Li metal batteries.?® The ideal microstructure for Li
deposits entails dense formations with minimal porosity (< 1%), a columnar structure featuring
reduced surface area, and large grain sizes (>50 um) exhibiting uniform defect distribution.* These
favored attributes promote uniform Li stripping at the reaction front, thereby avoiding the formation
of highly porous and whisker-like inactive Li structures.

In the Li metal battery with solid-state electrolytes (SSE) such as LizLa3Zr2012 (LLZO) and
LicPSsCl (LPSCI), electrochemically deposited lithium metal typically exhibits a fully dense
morphology with large grain size.>® However, low critical current densities (<1.5 mA/cm?) are
reported over which a cell failure occurs (Fig. S1 and Table S1). While elevated temperatures yield
high current densities (~3 mA/cm?), such values remain incomparable to those achieved by lithium
metal batteries with liquid electrolytes at room temperature,’ as demonstrated in Fig. S1. The kinetic
limitations of Li metal are fundamentally influenced by crystallographic orientation, owing to the
anisotropic nature of Li metal growth. Unlike the characteristic morphology, the orientation of Li metal
growth with the SSE has not been previously explored.

Metals growth can exhibit a preferred crystallographic orientation, known as texture. The variations
of total energy during deposition consist of changes in strain, thermal, and surface energy density,
AU = Algrface + AFstrain + AFtnermar.*® Grain selection growth, as described by thermodynamic
theory, is a fundamental process that minimizes the total energy of the system. Generally, grains
characterized by low surface energy are thermodynamically favored.'® Furthermore, grains with higher
atomic mobility are preferable as rapid movement of atoms facilitate interface migration, inducing less

strain energy.!! Additionally, grains with high thermal conductivity grow preferentially as they enable



rapid heat dissipation.'> However, when determining texture, complexities arise because grains with
the lowest surface energy may not invariably exhibit the lowest strain energy and thermal energy.

In the present study, we formulate a thermodynamically consistent theoretical framework for
deposited soft metals demonstrating texture. Given the thin nature of deposited film (<50 um), heat
generated during grain growth efficiently dissipates to the surface, thus the thermal anisotropy can be
disregarded. As a result, the competition is primarily between surface energy and strain energy.
Considering two island grain nuclei, as they grow, they naturally close the gap between them to reduce
total energy, transitioning from two free surface energies to one grain boundary energy (Fig. 1). The
grain selection growth is thermodynamically controlled by the energy density difference between grain
1 and grain 2,

AUy, = AFsurface + AFstrqin (Eq. 1)
where Algy,race = (Es,1 — Es,z) /h is the surface energy density difference, h is the film thickness

(m), and Eg; is the surface energy of grain i (J/m?). The difference in strain energy density, AFgqin,
arises from both intrinsic and extrinsic stresses.

The extrinsic strain depends on external stimuli such as applied stress (o), rather the mechanical
properties.'>!* Extrinsic strain arises from external stimuli, such as stacking pressure in anode-free
solid-state batteries. As typical ranges of applied stacking pressure usually exceed yield strength of
soft metals, creep behavior is expected. However, the impact of creep anisotropy is expected to be
small compared to other factors, such as surface energy and self-diffusion barriers, and can thus be
considered negligible. Meanwhile, intrinsic stress is closely related to atomic mobility. As two grains
close the gap to reduce surface energies, they generate tensile stress within. However, a higher atomic
mobility facilitates such interface movement through atomic migration, rather than mechanical
deformation alone, resulting in less tensile, or even compressive strain (Fig. 1). The relationship

between intrinsic strain and atomic mobility is

—BD;

Eintrinsic = € t (&7 — &)exp (7) (Eq. 2)

where D; is the self-diffusion coefficient of each grain.!

er 1is the tensile strain induced when grains
mechanically deforming to close the gap without atomic diffusion assistance. &, is the compressive

strain from atomic additions to the grain boundary. [ is a fitting constant. L and R is grain size and
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the deposition rate, respectively.

Recent first-principles calculation results suggest that self-diffusion barriers for Li, Na, and K are
strongly anisotropic. In addition, surface energy also exhibits anisotropy, and can significantly increase
when the lattice parameter shifts due to load stress (~ 3% strain).!® To capture the grain selection, we
implement the thermodynamic theory into grain growth phase-field model for electrochemically

deposited soft metals within the context of SSE.
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Figure 1. Schematic illustration of the selective grain growth mechanism in electrodeposited soft metal
films. The schematic highlights the thermodynamic driving force to form a grain boundary, and the competition

between surface energy and strain energy in governing grain domination.

Results & Discussion
Load stress induced selective grain growth

Differences in grain selection growth arise from the anisotropy in surface energy and diffusion
barrier of soft metal atoms, as informed by density functional theory (DFT) calculations.!®!” These
DFT-informed surface energies and self-diffusion barriers serve as inputs to our phase-field model by
establishing correlations with the phase-field constants. Specifically, atomic mobility (L,), which
governs growth rate of grains, is modeled to increase exponentially as self-diffusion barriers decrease,
following the Arrhenius equation. Additionally, the gradient energy coefficient (k) at the grain surface

is set to increase with the increased surface energy. The larger gradient energy results in higher
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resistance for a grain to grow. (Mathematical relationships are provided in the Experimental Procedures
section)

As illustrated in Fig. S2, lattice strain can significantly alter the surface energy. The (001) surface
exhibits the highest stability under a compression of 3% for Li metal. Notably, the (101) surface
displays the greatest variation in surface energy, with changes approximately 0.08 J/m2.'® This is
because the more densely packed (101) surface of the body-centered cubic (BCC) structure shows a
clear preference for lattice expansion, whereas the opposite is true for the less densely packed (001)
surface. Given the substantial load stress (>10 MPa) applied with SSE and the soft nature of Li metal
(with compressive strength approximately <1 MPa), load stress effects on surface energy have the
potential to significantly alter growth behavior. Besides incorporating grain-dependent surface energy
and diffusion barrier, phase field simulation was set up with the consideration of deposition rate, areal
capacity, deposition temperature, applied stress (more details are provided in the Experimental
Procedures section). The simulation started with nucleation at the bottom of the computational domain
(simulation snapshot at # = 0 in Fig. 2). Considering the polycrystalline nature of the Cu substrate, all
the nuclei were randomly assigned one of the three representative orientations, namely the (001), (101)

or (111). A total of 75 grains were nucleated for statistical significance.
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Figure 2. Grain selection growth for Li metal through thermodynamic theory-based phase-field modeling.
Phase-field simulations showing the grain evolution during electroplating of Li on a Cu substrate with the SSE,
together with surface energy and Li diffusion barrier of each grain.

The discrepancy in surface energy is evident at time t = 10 s (refer to the surface energy column in
Fig. 2). As grains continue to grow and Li deposition progresses, grains with high surface energy, such
as (101), are consumed by more thermodynamics favorable grains, notably (001), at time t = 400 s.
The substantial variation of surface energy among all the grains outweighs the effects of Li diffusion,
leading to grain selection based on minimizing the surface energy. Large load stress applied in the solid
state battery helps ensure intimate contact between the SSE and the electrodes, promoting efficient Li
ion transport and minimizing interfacial resistance.'®!” However, induced lattice strain may favor the
growth of (001) grain, characterized by a larger lithium diffusion barrier (0.14 eV). This surface energy
anisotropy indicates the kinetic constraints of lithium metal anodes with SSEs.

In battery systems utilizing liquid electrolytes, the applied load stress is considerably lower (on the
order of hundreds of kPa), resulting in negligible lattice strain on Li metal.? As shown in Fig. S3, in
the liquid electrolyte case, (101) grains are predicted to prevail. This dominance arises due to the
similarity in surface energy among all grain orientations, coupled with pronounced discrepancies in
lithium diffusion barriers among these orientations. Consequently, selection is based on the Li diffusion
barrier, favoring (101) grains which exhibit the lowest Li diffusion barrier (0.02 eV). The anticipated
(101) grain texture during lithium electrodeposition with liquid electrolytes has been observed by
recent research through X-ray diffraction (XRD) and pole-figure analysis.?*?! This preference for (101)
Li metal texture also elucidates the higher critical current density reported in lithium metal batteries
employing liquid electrolytes at room temperature.

Notably, a direct comparison across different alkali metals reveals the surface energy anisotropy of
Na and K showing less susceptibility to lattice strain.'® This suggests that diffusion-favoring (101)
grains,!” characterized by the lowest diffusion barrier of Na (0.04 eV) and K (0.02 eV), may dominate
in Na and K metal solid-state batteries operating at room temperature, even under significant load
stress (Fig. S4). The phase-field simulation for Na and K growth is conducted in a similar manner to

the Li growth. As expected, the results show (101) orientation is predominated, and the grain selection



is based on maximizing the Na and K diffusion (Fig. S5 and S6). This prediction is supported by a
recent experimental result that Na grains in the (101) orientation show preferential growth during
deposition with SSEs at 25 °C.?? These results suggest that Na metal is promising for solid-state
batteries. Anode-free solid-state batteries featuring Na metal and bare Al current collectors have
recently achieved a critical current density of 1 mA/cm? with reversible cycling, reaching capacities as

high as 7 mAh/cm? under a stacking pressure of 10 MPa.??
Temperature effects on grain selection growth

This section aims to analyze the temperature effects on grain selections. Since (111) grain has the
largest diffusion barrier as well as surface energy, indicating the least favorable grain, the competition
between (001) and (101) is analyzed. The grain selection can be based on either minimizing the strain
energy due to Li diffusion (AFgtyqin) or surface energy (Algy,fqce). To determine which mechanism is
dominated, the magnitude of each energy term must be calculated based on Eq. S3 and S10 in the
Experimental Procedures section. Generally, AFg,4in 1S positive and rises as temperature increases.
This aligns with the physical perspective that Li atoms exhibit increased mobility at higher
temperatures, and thus reduced the strain energy density, potentially making that high mobility grain
becomes even more energetically preferable.

By analyzing Li (001) and (110) grains, we use DFT-obtained data and parameters listed in Table
S2. For the liquid case (Fig. 3A), the AFt,.q;y is largely positive, while Al fqce is slightly negative,
indicating that grain selection is predominantly driven by Li atom diffusion favoring the (101) texture.
In contrast, for the solid case (Fig. 3A), AFtrqin and Algy,rqce are comparable. At room temperature
or below, the total energy AU is negative, indicating that (001) grains are favored as controlled by the
anisotropy in surface energy. However, as temperature increases, AFg.q4in becomes more significant,
outweighing the magnitude of Al rqce. As a result, the selection growth of (101) grains becomes

possible at high temperatures for the solid case.
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Figure 3. Temperature effects on grain selection growth of Li metal in anode-free solid-state battery. (A)
Analyzing the competition between strain and surface energy density at various temperatures for (001) and (101)
grains of Li. When AU = Uyoy — Uio1 = Alsyrrace + AF strain > 0, (101) grain is preferable; if negative,
(001) is favored. Temperature influences strain energy change via diffusion rate, with no impact on the surface
energy density. (B) Voltage profiles during the first Li metal deposition of anode-free solid-state batteries at
different temperatures. The battery configuration schematic is shown as the inset. Deposition current density is
0.1 mA/cm? (C, D) The band contrast image and EBSD mapping results along the growth direction for the Li
metal deposited at 25 °C. (E, F) The band contrast image and EBSD mapping results along the growth direction
for the Li metal deposited at 80 °C.

To validate temperature effects in the solid case, Li metal was electrodeposited onto a Cu substrate
using a full cell setup, as illustrated in the inset of Fig. 3B. A current density of 0.1 mA/cm? was applied

for the Li deposition (2 mAh/cm?) at both 25 °C and 80 °C, with a controlled stacking pressure of 5



MPa. The selection of a relatively small current density was to minimize the current focusing effects
(localized Li-ion concentration gradient), which can arise due to surface roughness or defects. In
addition, the low current density implies a small Li atom flux to the electrode, keeping the system close
to equilibrium, which aligns with the capability of our grain growth phase-field model. At this current
density, comparable electrochemical performance is expected for both temperatures, as demonstrated
in Fig. 3B. To investigate the morphology and texture of the deposited Li, plasma focused ion beam
(PFIB) milling coupled with electron backscattered diffraction (EBSD) mapping was employed. PFIB
does not require cryogenic temperatures because of the minimal reaction between the Xe* plasma beam
and Li. Figure S7 displays scanning electron microscopy (SEM) images of deposited Li after PFIB
milling. The Li electrodeposition exhibits fully dense morphology for both temperatures investigated.
Near the Li/Cu interface, slight porous regions are discernible in the sample deposited at 25 °C. This
observation results from the well-documented lithophobic nature of the Cu substrate.>* As illustrated
in Figure S7B, the elevated temperature mitigates this issue by improving interface adhesion.
Typically, XRD-based pole-figure analysis was employed to examine the grain orientation growth
of Li.?*2! However, working with Li presents a significant challenge due to its low atomic number.
Furthermore, the positioning of Li deposits between a Cu substrate and a thick SSE layer renders XRD
impractical for studying the buried thin Li layer (10-20 pm). Little crystallographic characterization
of Li electrodeposition in solid-state batteries has been conducted thus far. In this work, PFIB-EBSD
with lower acceleration voltage (7 kV) is found to be a suitable approach to provide absolute crystal
orientation of every Li grain observed in the cross-section and to create a pole figure for the growth
direction (EBSD approach details are provided in the Experimental Procedures section, Fig. S8 and
Fig. S9). As shown in Fig. 3C and 3D, the Li grains deposited at 25 °C exhibit preferred growth close
to the (001) direction. In contrast, for lithium deposition at 80 °C with the same LPSCI electrolyte, the
selection growth of (101) grains becomes apparent (Fig. 3E and 3F). This texture transition aligns with
the prediction regarding temperature effects, which is further supported by the statistical analysis on
EBSD dataset obtained from three different cross-sections for both temperatures (Fig. S10 and Fig.
S11). At room temperature, analysis of Li grains reveals 57.1% with a growth orientation close to (001),

followed by 19.0% (101) grains, and 14.3% (111) grains. In contrast, at elevated temperature, the
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proportion of grains close to (101) increases to 48.7%, those (001) grains decrease to 15.4%. Given
that the (101) surface exhibits a smaller in-plane diffusion barrier, surface roughness during the Li
stripping process is expected to be better healed by adjacent Li atoms, thereby preventing the formation
of whisker-like inactive Li.2° The uniform deposition and stripping process associated with the Li (101)
grains can effectively account for the achievement of current densities exceeding 1.5 mA/cm? only at

elevated temperatures for solid-state batteries featuring a L1 metal anode (Fig. S1).
Pressure effects on grain selection growth

Further parametric studies were performed to generate a phase map for the Li texture growth,
considering the anisotropy of surface energy and Li diffusion barrier of the (101) grains which is the
lowest among all orientations. As shown in Fig. 4, there are two distinct regions: “strain energy
minimizing texture”, favoring (101), and “surface energy minimizing texture”, favoring (001). DFT
calculations suggest that increasing pressure raises lattice strain, which in turn alters the surface energy,
making it more anisotropic.!® Once surface energy anisotropy surpasses a critical threshold, grain
selection may shift from favoring low strain energy (rapid Li diffusion) to favoring low surface energy
grain, particularly under high stacking pressure in solid systems. However, in the liquid systems, where
the pressure magnitude is less significant, the system would favor grains with rapid Li diffusion.
Furthermore, if the Li diffusion barrier of (101) grains increase and becomes comparable to those of
other grains, the anisotropy in Li diffusion is diminished. As a result, (101) grains may become less
dominant, potentially leading to an equal mixing with other grains.

Another important factor in the grain growth process, currently not addressed in the model, but
worthy of discussion is the pressure effect on the size of the crystal. The pressure applied perpendicular
to the surface of the electrodeposited metal could promote in-plane grain coalescence. Given the low
yield strength of Li (0.41~0.89 MPa), this effect is particularly pronounced compared to other metals,*°
even at room temperatures. Therefore, it is unsurprising that solid systems subjected to higher stacking
pressures exhibit larger sizes in the deposited Li layer. To investigate the pressure effect, we employed
a customized load cell (Fig. S12) for Li deposition using an ether-based bisalt electrolyte.?’” The
selection of a liquid electrolyte aimed to reduce the stacking pressure by at least one order of magnitude

for the examination of texture transition. The cross-section morphology at 350 kPa (Fig. S12) reveals
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the formation of columnar Li deposits. Notably, the granular diameter of the deposited Li measures 5-
10 um, considerably smaller than the 30-50 um observed in the solid-state scenario (Fig. 3C and 3E)
at the same current density of 0.1 mA/cm?. Furthermore, the dominant presence of the (101) Li texture
is evident in the liquid case, even at room temperature. Prior studies on Li metal texture using various

liquid electrolytes have similarly reported the prevalence of the (101) texture,?%*!

suggesting that
electrolyte type has minimal influence on selection growth at modest current densities. The existence
of the (101) Li texture appears to be an intrinsic characteristic of Li deposition in liquid electrolytes,

representing a direct demonstration of the proposed strain energy minimizing texture in the lower

pressure region.
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determined by Li diffusion barrier of (101) grains and surface energy anisotropy, highlighting proportion of

each orientation within the simulated liquid and solid system.
Interfacial layer design for grain selection growth

Achieving optimal interfacial contact in solid-state batteries requires the application of adequate
load stress so that the mechanical properties of the involved solids must be appropriately designed. At
any given SSE, a reduced bulk modulus difference between the substrate and Li corresponds to a
smaller lattice strain within the Li phase,?® thereby facilitating the preferential growth of diffusion
favoring (101) grains. This effect is pronounced in anode-free solid-state batteries, wherein the current
collector functions as the substrate for Li deposition. As shown in Fig. SA, the larger bulk modulus of
the Cu substrate (B = 151 GPa) can induce greater lattice strain in the soft Li metal (B = 14 GPa).
Previous studies in anode-free solid-state batteries have explored interfacial layer materials (referred
to as the "seed" layer), such as Ag and Au, to improve overall performance.>**° The dotted line
connecting pure substance and LixMi-x alloy phases in Fig. SA represents a linear relation between the
bulk modulus and the Li concentration for Ag and Au seed layer. Despite the inherent lithophilic
properties of Ag and Au facilitating the formation of alloy phases with decreased bulk modulus values,
achieving a substantial reduction below 30 GPa mandates a considerable lithium alloy concentration
(x = 0.8). Motivated by recent DFT calculations,?! an amorphous Si seed layer to is proposed in this
study to reduce the lattice strain within Li metal. In contrast to crystalline structures, amorphous Si
and LixSiix alloy phases exhibit deviations from the anticipated linear relationship between bulk
modulus and Li concentration. Consequently, a substantial softening occurs, yielding a bulk modulus
below 30 GPa when x exceeds 0.5. Furthermore, with increasing Li content, the bandgap of the Li-Si
alloy diminishes, transitioning towards a metallic character suitable for use as current collectors.

A 500 nm-thick layer of amorphous Si (Fig. S13) was deposited onto a Cu substrate using the same
sputtering technique outlined in our prior investigation.*> Subsequently, anode-free solid-state full cells
were assembled to assess the differences in rate performance between the bare Cu current collector
and the Cu current collector with Si deposition. Note the areal capacity for this rate performance
assessment was increased to 3 mAh/cm? to align with application considerations. As shown in Fig. 5B,

it is evident that the cell with bare Cu experienced a short circuit during the second cycle, even at the
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low rate of C/40. As for the Si-deposited Cu (Fig. SC), a distinct two-step voltage profile for the first
charge emerged due to Si lithiation preceding Li deposition. A slopy curve was observed up to 3.7 V
corresponding to an areal capacity of 0.25 mAh/cm? for Si lithiation, followed by Li deposition onto
the LixSiix alloy (Fig. S14). The capacity of Si lithiation was calculated to be 2320 mAh/g,
corresponding to Li243Si or Lio.7Sio3, a composition falling short of full lithiation up to Li3.75Si or
Lio.79Si0.21, thereby maintaining Si within the amorphous phase range to avoid recrystallization.
Furthermore, the absence of Si (de)lithiation features below 3.7 V from the first discharge suggests the
enduring presence of the formed Lio.7Sio.3 seed layer throughout subsequent cycling. The anode-free
battery featuring Si-deposited Cu sustains operations up to a higher rate of C/2 (1.5 mA/cm?),
outperforming other literatures’ results at room temperature (Table S3). By pairing with the thick
cathode, an areal capacity of 9 mAh/cm? is achieved for the anode-free battery due to the designed Si

seed layer (Fig. S15 and Fig. S16).
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Figure 5. Interfacial layer design for grain selection growth of Li metal anode in solid-state batteries. (A)
Bulk modulus of Li metal, Cu metal, and different lithium alloys. The data for crystalline and amorphous LixSi
alloys were obtained from reference.’! The bulk modulus data for Li, Cu, LiyAu, and LixAg were sourced from
the Materials Project. (B) Electrochemical performance of anode-free solid-state full cell with bare Cu as the
current collector at 25 °C. (C) Electrochemical performance of anode-free solid-state full cell with amorphous
Li,Si as the seed layer at 25 °C. (D) The EDS and EBSD mapping results along the growth direction for the Li
metal deposited with the amorphous Li,Si seed layer at 25 °C. Deposition current density is 0.1 mA/cm?.

To validate the hypothesis regarding grain selection growth, the cross-section of Li metal deposited
on the Lio.7Sio3 seed layer for an areal capacity of 2 mAh/cm? was obtained with PFIB for further
investigation. Elemental analysis conducted via energy dispersive spectroscopy (EDS) in Fig. SD

illustrates the uniform growth of Li between the seed layer and LPSCI electrolyte. The Si seed layer
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retains its dense and thin film nature, with the thickness increasing to approximately 1.2 pm due to the
lithiation process (Fig. S17), consistent with findings from prior research.>* Significantly, even at a
deposition temperature of 25 °C, the Li (101) grains become evident with a proportion of 50% with
the Si seed layer (Fig. SD and Fig. S18). This contrasts with the (001) preferred grains observed
previously at the same temperature when utilizing a bare Cu substrate, which manifests the critical role

of grain selection growth in facilitating fast kinetics during lithium deposition and stripping processes.
Conclusions

The intricate electro-chemo-mechanical dynamics inherent in solid-state batteries necessitate
model-informed experiments to establish a framework for predictive analysis. This work unveils how
the surface energy anisotropy of soft metals can dominate grain selection growth during
electrochemical processes, imposing kinetic constraints particularly at room temperature. Leveraging
this mechanistic understanding, the critical current density of anode-free solid-state batteries can be
improved through the design of a LixSiix (0.50<x<0.79) interfacial layer. The optimal interfacial layer
should meet the following criteria: 1) possess a bulk modulus (<30 GPa) similar to that of Li metal to
alleviate load stress induced surface energy anisotropy; 2) exhibit an amorphous structure free of grain
boundaries to suppress Li penetration; 3) demonstrate electrochemical stability upon contact with Li
metal under reductive potential; 4) offer electronic conductivity to function as the current collector;
and 5) display lithophilic properties to lower the nucleation barrier. These findings extend to other soft
metal systems, such as Na which exhibits a bulk modulus (8 GPa) even smaller than that of Li. The
less surface energy anisotropy of Na can inform the grain selection is based on maximizing the Na

diffusion even at room temperature, indicating that Na metal holds promise for solid-state batteries.

16



Experimental Procedures

Resource availability
Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead

contact, Ying Shirley Meng (shirleymeng@uchicago.edu).

Materials availability

This study did not generate new, unique reagents.

Data and code availability

Request for the data and analysis codes utilized in this work will be handled by the lead contact, Ying

Shirley Meng (shirleymeng@uchicago.edu). Requests about the phase-field modeling code utilized in

this work will be handled by Lei Chen (leichn@umich.edu).

Thermodynamics of grain selection growth
The total energy of each grain in a system contains surface, strain and thermal energy density,
U = urface T Fstrain + Finerma (S1)

When considering two adjacent grains denoted as grain 1 and 2, the analysis for grain selection can be
done based on the grain energy density differences:

AUy, = Uy = Uz = Algyrpace + AFstrain + AFtherma (52)
When AU;, is negative, grain 1 is more energetically preferable than grain 2, and vice versa.
Furthermore, due to the thin nature of deposited film (< 50 um), heat generated during deposition is
expected to efficiently dissipate to the surface. Therefore, stored thermal energy is assumed isotropic
for all orientations, and thermal contribution to the grain selection can be negligible, AF;;eormar ~ 0.

In addition, surface energy difference can be written as:

Arsurface = (Es,1 - Es,z)/h (S3)
where h is the film thickness, and Es; is the surface energy of grain i. Noticeably, the magnitude of
Algyrrace inversely depends on the film thickness. As the deposited film grows, the effect of surface
energy on the grain selection is diminishing. Moreover, the strain energy density is stored mechanical

13,14

energy due to grain deformation. According to the experimental measurements, soft metals exhibit

a power-law creep behavior. We thus formulate the strain energy by assuming the linear-elastic
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perfectly-plastic curve which can be written as:

1
Fstrain = Fetastic + Fplastic = EE%Z/ + oy [g - gy] (S4)
or
— 1p.2
Fstrain = 0y& — EEgy (SS)
where o, €,, and E represent yield strength, yield strain, and elastic modulus, respectively. The
yield strength may change significantly with size. The smaller size scale leads to higher strength,

especially in soft metals like Li. As the film grows, the yield strength tends to decrease.’®> Assuming

that yield strength is isotropic, the strain energy density difference between grain 1 and 2 is

1
AFstrain = Gy[gl - 52] 5 (El - Ez)ggzz (S6)

Since elastic range for soft metals is usually small, the elastic strain energy is negligible. The equation
S5 is simply reduced to:

AFgtrgin = 0y [e1 — &] (S7)
In addition, total strain in each grain, ¢&;, can be decomposed to intrinsic and extrinsic strain.

& = Etrinsic T Eextrinsic (S8)
The extrinsic strain can result from external factors such as stacking pressure. However, soft metals
typically behave with a creep flow like a fluid under a stack pressure >1 MPa. Under stacking pressure
higher than yield strength of soft metals, creep strain follows the power law: &, trinsic = Ao™.3637
The creep constants (A, n) may exhibit some anisotropy, leading to varying strain responses. However,
at high applied stress, the effect of creep anisotropy could be small compared to the anisotropy of other
factors, such as, surface energy and self-diffusion barriers. For liquid systems with stacking pressures
in the hundreds of kPa or lower, creep behavior may shift to diffusional creep,*® but the resulting
extrinsic strain rate is likely minimal and thus excluded from analysis. Meanwhile, the intrinsic strain
is deposition-induced strain. Two neighboring grains close the gap between each other to reduce their
free-surfaces, by forming a grain boundary. Generally, such a process can be contributed by mechanical

work, i.e., the deformation of the grain. Tensile stress or strain is generated within as two grains pulling

toward each other. However, the diffusivity of atoms may alleviate the built-up tensile stress, which
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can be thought of as a mechanism similar to diffusional creep. Through atomic movement, this
mechanism provides strain energy relief, minimizing strain energy accumulation during grain

boundary formation. The relationship between strain and atomic mobility is

Eintrinsic = & T (ET - gc)exP (f_R) (S9)

where D; is the atomic diffusion coefficient of each grain. &7 is the tensile strain induced when grains
mechanically deforming to close the gap without atomic diffusion assistance. &, is the compressive

strain from atomic additions to the grain boundary, and £ is a fitting constant. L and R is grain size

and the deposition rate, respectively. If atomic diffusion or D; is very small that exp (%) ~1,

-BD;
LR

tensile strain is expected. If atomic diffusion is large, exp( ) ~ 0, compression is predicted.

Combining Eq. S5, S6, and S7, one can write:
-BD -BD
AFstrain = 0y [e,—&]= A [exp (71) —exp (TZ)] (S10)
where A is a constant expressed as, A = gy, (er —&;). If D; > D,, AFg4n is negative, giving

grain 1 is preferable than grain 2. Furthermore, the diffusion coefficients can be correlated with

diffusion barrier Ej ;, through Arrhenius equation, written as

D; = Doexp (—24) (S11)

kpT
where D, is a diffusion constant, kg is Boltzmann constant, and 7 is temperature.
Temperature analysis for grain selection growth

General idea is to compare the magnitude in each type of energy density differences between (001)
and (101) grains, AFgrqin and Al race. If AFgtrqint Algyurpace 18 positive, (101) grains are more
energetically favorable; otherwise, (001) grains are preferred. Grain size (L) and thickness (h) are set
to be 10 um, as this scale matches the grain morphology observed experimentally. The deposition rate
(R) is 0.001 um/s, approximated from the C-rate and areal capacity applied in the experiment. Yield
strength (a,) is assumed to be 0.55 MPa within the measured range.'® The maximum possible tensile
and compressive strain are assumed to be 0.2, given that lithium can undergo significant deformation
due to creep. Pre-factor for diffusion (D) is 1 x 107> m?/s, which is in the typical range of reported Li
self-diffusion.®® Lastly, B is a fitting constant, which varies between materials and requires

experimental calibration. Measuring stress and strain to calibrate [ in the deposited film is beyond
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the scope of this work. Therefore, £ is assumed to be 1, which does not affect the trend of this analysis.
Phase-field model for grain selection growth

The typical phase-field model for multiphase grain nucleation and growth has been extended to
simulate the grain selection in the soft metal electrodeposition under different environments. Phase
variables, (¢p1, ¢,. ... ¢,), are introduced to associated with each grain in the system, total number of
n. Grains evolve to reduce the overall free energy in the system, which can mathematically be written,

following the Allen-Cahn equation®” as:

9%q _ _ OF
7 = LMo (S12)

where ¢ = 1,2,..,n and L, (T) is the temperature-dependent phase-field parameter related to the
mobility of atoms. Grains with faster atomic mobility allow for quicker hopping of atoms across the

grain boundaries, reducing the overall strain energy. The contribution of strain energy can thus be

reflected in the growth mobility L, (T). F is the free energy functional, expressed as

F=[|wfold bz ) + 5012 (V)" | dF (S13)

The first term on the right-hand side is the local free energy density, f;(¢1, P2, ..., P,) follows
Landau expressions. The second term represents grain surface energy, which can be thought of as the
resistance to development of the grain boundary. The resistance to growth for each grain depends on a
constant, k,. In most cases, phase-field constants, L, and k,, take normalized values computed
from physical properties; therefore, the correlation to the physical system as well as first-principle
calculations are required.
Bridging DFT information to phase-field modeling constants

From a physical aspect, the growth rate of each grain can be understood in terms of atom diffusion.
Grains with faster atomic diffusion allow for quicker hopping of atoms across the grain boundaries,
reducing the overall strain energy — a phenomenon aligns with kinetics considerations. Nevertheless,
grains with higher surface energy are energetically less favorable, suppressing the growth rate and
even being consumed by surrounding grains as the system tends to minimize the overall energy,
reflecting thermodynamics considerations.

We propose that atom diffusion is associated with L, a temperature-dependent mobility term in the

phase-field model, which is correlated to the atom diffusion barrier, E, (eV), through Arrhenius
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equation, written as:

Lo = Lyexp (L, =) (S14)

kpT
where L, is a possible maximum atomic diffusion, which could be different from one to another
system depending on the surface chemistry. L, is a fitting constant, and T is temperature. With a
larger value of L, rapid movement of a particular grain boundary is expected, resulting in a relatively
large grain size compared to its neighboring grains.

Meanwhile, the surface energy is directly associated with gradient energy coefficient term, through
an exponential equation as follows:

Kq = Kiexp (K2 5—:) (S15)
where k; and k, are fitting constants, and E, is the reference grain surface energy, by which
assumes the average E; among the grains. Higher surface energy corresponds to a higher kg,
resisting grain growth. Note that this term related to surface energy is not temperature-dependent by
assuming surface remains solid far below the melting point.

In literature, DFT data including the atom diffusion barrier, and surface energy for each grain
orientation is available, as plotted in Fig. S4. The fitting parameters in Eq. S14 and S15 were selected
such that the magnitudes for L, and k, fall within the range of 0.1-10, which is not significantly far
from their nominal values. This range allows for the observation of the interplay between the two
parameters without interrupting simulation convergency for all the three soft metals (Li, Na, and K):
L, =7.5; L, =027; Kk, =4.1 x10°, k, = 20. Taking the Li case as an example, the conversion
from DFT derived data to phase-field input parameters is illustrated in Fig. S2.

Phase-field simulation setup

The nucleation site and type of grains are assumed identical for both liquid and solid cases, to
illustrate the effect of grain domination. Periodic boundaries were then applied on the left and right
sides of the computational domain, while zero flux boundary condition was implemented at the bottom
and top boundaries.

Upon grain nucleation and boundary setup, the competitive growth throughout the progressive
deposition was enabled by carrying out grain growth in a layer-by-layer fashion. This was done by

dynamically activating the computational domain in an incremental, layer-wise manner. Without doing
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that and due to the inherent limitation of phase field model, the grain would grow upwards aggressively
and occupy the entire domain instantly, thus deviating from the gradual deposition with sufficient grain
competition in practice.

The above-customized grain growth phase field model was solved using finite difference method
with explicit Euler scheme. All the simulations were performed in a rectangular domain with 200 Ax
x 70 Ax grids, where Ax is the grid size and was chosen as 0.5 pm. The time step of At = 0.01 s
was used for time discretization. Initial grain nucleation is set to random spots with random
orientations (represented by colors). During the simulation, grains grow and occupy more black space
in the domain.

PFIB milling and SEM

The Li metal deposition samples were carefully stored in an Argon environment prior to microscopy
analysis. To prevent oxidation and reaction with the atmosphere, all the samples were swiftly loaded
into the microscope chamber.

For the analysis, we utilized the Thermo Scientific Helios 4 UXe PFIB, which allowed for large area
cross-sectional milling, as well as subsequent EBSD and EDS analysis. The solid and liquid cell
samples were mounted on a specialized 45-degree pre-tilted holder. Xe" ions were employed to mill
and clean the cross-sections of various electrode samples.

To generate a cross-section that through the entire thickness of the electrode, including the Li metal
and the underlying Cu foil, rough milling was performed at a FIB acceleration voltage of 30 kV and
beam current of 2.5 pA, resulting in a cross-section width of up to 900 um. This rough milling step
also served to eliminate any surface oxidation that might have occurred during the brief exposure of
the samples to the atmosphere during the loading process. Following rough milling, the electrode
cross-sections were cleaned using a beam current of 200 nA. Both the intermediate and final cleaning
were carried out at 30 kV.

EBSD and EDS analysis

EBSD patterns and maps of the Li metal were collected using an Oxford Instrument Symmetry

EBSD camera. The SEM conditions for EBSD collection were set at an acceleration voltage of 7 kV

and a beam current of 6.4 nA. The Li metal was first indexed using the default lithium phase in the
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Oxford Aztec software. Additionally, EDS maps of the same region were obtained using an Oxford
Instrument Ultim Max 170mm? detector. All EDS maps are “True Maps”: after peak deconvolution
and background correction.

Due to Li low atomic number and weak interaction with the electron beam, a 7 kV beam was used
for the EBSD mapping, and 3 patterns were averaged for each pixel. Each data point (or pixel) on the
EBSD mapping corresponds to a single scan spot on the sample. The colors in the image represent
different crystallographic orientations, where each color in the mapping reflects a specific orientation
family. Adjacent pixels with different colors indicate boundaries between regions with different
orientations, which can correspond to grain boundaries. Fig. S8 demonstrates the importance of using
lower voltage to minimize the interaction volume with Li. To minimize beam damage during
acquisition the pixel sampling was set to 0.75 pm. Even using these conditions, the resulting bands are
few and weak. As a result, significant regions in the map produced a low number of weak bands that
were not solved using the default setup using the Hough transform. To overcome this, a pattern
matching approach was applied, using “Mapsweeper”, a software package offered by Oxford Inst. One
big advantage of the method is that one can verify the solution for each pattern is correct. Fig. S9
provides an example of such a solution for an originally unsolved pattern together with the dynamical
diffraction simulation and the pattern match quality. The analysis was done using only the refinement
and repair options and a minimum cross-correlation factor of 0.15 between the measured and simulated
EBSD pattern.

Full cells assembling and electrochemical measurements

LicPSsCl (LPSCI) from NEI Corporation (USA) and Mitsui Kinzoku (Japan) was used as both
catholyte and solid-state electrolyte separator. LiNio.sMno.1Co0.102 (NMC811) with a boron-based
surface coating from LG Chem (Republic of Korea) was selected as the cathode. As a conducting agent,
vapor grown carbon fiber (VGCF) from Sigma Aldrich (Graphitized, Iron-free) was vacuum dried
overnight at 160 °C to remove moisture. Cathode composite was hand-mixed with a weight ratio of
NMCS811 : LPSCI1 : VGCF = 66 : 31 : 3. The custom-made solid-state battery pellet cell made of two
titanium rod current collector and 10 mm inner diameter polyether ether ketone (PEEK) holder was

used for anode-free solid-state cell cycling. The 75 mg of LPSCI] was compressed at 370 MPa as a
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solid-state separator. Afterwards, Cu foil or Si deposited Cu foil and NMC cathode composite (2~3
mAh/cm? loading) were inserted to each end of the separator layer, and then pressed at 370 MPa. The
as-fabricated cell was cycled with the stack pressure of 5 MPa and in a range of temperature from 25 °C

to 80°C.

Acknowledgements

This work is funded by the Energy Storage Research Alliance “ESRA” (DE-AC02-06CH11357), an
Energy Innovation Hub funded by the U.S. Department of Energy, Office of Science, Basic Energy
Sciences. PFIB data collection at Americas NanoPort was supported by the funding and collaboration
agreement between UCSD and Thermo Fisher Scientific on Advanced Characterization of Energy
Materials. K. Tantratian, Z. Wang and L. Chen are supported by the National Science Foundation under
Grants No. 2323475 and UM-Dearborn start-up. Part of the PFIB experiments were conducted at the
University of Southern California in the Core Center of Excellence in Nano Imaging. Part of the FIB-
SEM in this work was performed at the San Diego Nanotechnology Infrastructure (SDNI) of the
University of California San Diego, a member of the National Nanotechnology Coordinated
Infrastructure, which is supported by the National Science Foundation (grant ECCS-2025752). M. Z.
thanks Diyi Cheng, Bingyu Lu, and Yu-Ting Chen for their assistance with the sample preparations.

M. Z. thanks Brandon van Leer and Ken Wu for their assistance with PFIB data collection and analysis.

Author contributions

M. Z. conceived the project. M. Z., L. C., and Y. S. M. supervised the project. M. Z., K. T., Z. W., M.
C.,L.C.,and Y. S. M. performed the mechanism and modeling analysis. M. Z., Z. L., L. L., and A. A.
performed PFIB-EDS-EBSD experiments and analysis. S. Y. H., R. S., and S. B. prepared samples for
PFIB-EBSD analysis. S. Y. H. conducted electrochemical testing for anode-free solid-state battery. M.
Z. prepared the initial draft of the manuscript. M. Z., K. T., Z. W, M. C., S. Y. H.,,R. S, L. C., and Y.
S. M. organized the work and helped with the draft of the manuscript. All the authors discussed the

results and approved the final version of the manuscript.

Declaration of Interests

24



The authors declare no competing interests.
Inclusion and Diversity

We support inclusive, diverse, and equitable conduct of research.

25



References

1.

10.
11.

Liu, J., Bao, Z., Cui, Y., Dufek, E.J., Goodenough, J.B., Khalifah, P., Li, Q., Liaw, B.Y., Liu,
P., Manthiram, A., et al. (2019). Pathways for practical high-energy long-cycling lithium metal
batteries. Nat. Energy 4, 180-186.

Fang, C., Lu, B., Pawar, G., Zhang, M., Cheng, D., Chen, S., Ceja, M., Doux, J.M., Musrock,
H., Cai, M., et al. (2021). Pressure-tailored lithium deposition and dissolution in lithium metal
batteries. Nat. Energy 6, 987-994.

Lee, J.Z., Wynn, T.A., Schroeder, M.A., Alvarado, J., Wang, X., Xu, K., and Meng, Y.S. (2019).
Cryogenic Focused lon Beam Characterization of Lithium Metal Anodes. ACS Energy Lett. 4,
489-493.

Singh, D.K., Fuchs, T., Krempaszky, C., Schweitzer, P., Lerch, C., Richter, F.H., and Janek, J.
(2023). Origin of the lithium metal anode instability in solid-state batteries during discharge.
Matter 6, 1463—-1483.

Sandoval, S.E., Lewis, J.A., Vishnugopi, B.S., Nelson, D.L., Schneider, M.M., Cortes, F.J.Q.,
Matthews, C.M., Watt, J., Tian, M., Shevchenko, P., et al. (2023). Structural and
electrochemical evolution of alloy interfacial layers in anode-free solid-state batteries. Joule 7,
2054-2073.

Wang, M.J., Carmona, E., Gupta, A., Albertus, P., and Sakamoto, J. (2020). Enabling “lithium-
free” manufacturing of pure lithium metal solid-state batteries through in situ plating. Nat.
Commun. 11, 1-9.

Wang, G., Song, C., Huang, J., and Park, H.S. (2023). Recent Advances in Carbon-Based
Current Collectors/Hosts for Alkali Metal Anodes. Energy Environ. Mater. 6, e12460.
Thompson, C. V., and Carel, R. (1996). Stress and grain growth in thin films. J. Mech. Phys.
Solids 44, 657-673.

Thompson, C. V., and Carel, R. (1995). Texture development in polycrystalline thin films.
Mater. Sci. Eng. B 32, 211-219.

Thompson, C. V. (1990). Grain growth in thin films. Annu. Rev. Mater. Sci. 20, 245-268.
Wang, D., Zhu, C., Fu, Y., Sun, X,, and Yang, Y. (2020). Interfaces in Garnet-Based All-Solid-

26



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

State Lithium Batteries. Adv. Energy Mater. 10, 2001318.

Lee, D.N., Kim, K.H., Lee, Y.G., and Choi, C.H. (1997). Factors determining crystal orientation
of dendritic growth during solidification. Mater. Chem. Phys. 47, 154-158.

LePage, W.S., Chen, Y., Kazyak, E., Chen, K.-H., Sanchez, A.J., Poli, A., Arruda, E.M.,
Thouless, M.D., and Dasgupta, N.P. (2019). Lithium Mechanics: Roles of Strain Rate and
Temperature and Implications for Lithium Metal Batteries. J. Electrochem. Soc. 166, A89—A97.
Wang, M.J., Chang, J.Y., Wolfenstine, J.B., and Sakamoto, J. (2020). Analysis of elastic, plastic,
and creep properties of sodium metal and implications for solid-state batteries. Materialia 12,
100792.

Engwall, A.M., Rao, Z., and Chason, E. (2016). Origins of residual stress in thin films:
Interaction between microstructure and growth kinetics. Mater. Des. 110, 616-623.
Stottmeister, D., and GroR, A. (2020). Strain Dependence of Metal Anode Surface Properties.
ChemSusChem 13, 3147-3153.

Jackle, M., Helmbrecht, K., Smits, M., Stottmeister, D., and GroR, A. (2018). Self-diffusion
barriers: possible descriptors for dendrite growth in batteries? Energy Environ. Sci. 11, 3400—
3407.

Lee, Y.G., Fujiki, S., Jung, C., Suzuki, N., Yashiro, N., Omoda, R., Ko, D.S., Shiratsuchi, T.,
Sugimoto, T., Ryu, S., et al. (2020). High-energy long-cycling all-solid-state lithium metal
batteries enabled by silver—carbon composite anodes. Nat. Energy 5, 299-308.

Ham, S.Y., Yang, H., Nunez-cuacuas, O., Tan, D.H.S., Chen, Y.T., Deysher, G., Cronk, A.,
Ridley, P., Doux, J.M., Wu, E.A., et al. (2023). Assessing the critical current density of all-
solid-state Li metal symmetric and full cells. Energy Storage Mater. 55, 455-462.

Shi, F., Pei, A., Vailionis, A., Xie, J., Liu, B., Zhao, J., Gong, Y., and Cui, Y. (2017). Strong
texturing of lithium metal in batteries. Proc. Natl. Acad. Sci. 114, 12138-12143.

Zhao, Q., Deng, Y., Utomo, N.W., Zheng, J., Biswal, P., Yin, J., and Archer, L.A. (2021). On
the crystallography and reversibility of lithium electrodeposits at ultrahigh capacity. Nat.
Commun. 12, 1-10.

Fuchs, T., Ortmann, T., Becker, J., Haslam, C.G., Ziegler, M., Singh, V.K., Rohnke, M.,

27



23.

24,

25.

26.

27,

28.

29.

30.

31.

Mogwitz, B., Peppler, K., Nazar, L.F., et al. (2024). Imaging the microstructure of lithium and
sodium metal in anode-free solid-state batteries using electron backscatter diffraction. Nat.
Mater., 1-8.

Deysher, G., Oh, J.A.S., Chen, Y.T., Sayahpour, B., Ham, S.Y., Cheng, D., Ridley, P., Cronk,
A., Lin, SW.H., Qian, K., et al. (2024). Design principles for enabling an anode-free sodium
all-solid-state battery. Nat. Energy, 1-12.

Yan, K., Lu, Z., Lee, HW., Xiong, F., Hsu, P.C., Li, Y., Zhao, J., Chu, S., and Cui, Y. (2016).
Selective deposition and stable encapsulation of lithium through heterogeneous seeded growth.
Nat. Energy 1, 1-8.

Hu, X., Gao, Y., Zhang, B., Shi, L., and Li, Q. (2022). Superior cycle performance of Li metal
electrode with {110} surface texturing. EcoMat 4, e12264.

Xu, C., Ahmad, Z., Aryanfar, A., Viswanathan, V., and Greer, J.R. (2017). Enhanced strength
and temperature dependence of mechanical properties of Li at small scales and its implications
for Li metal anodes. Proc. Natl. Acad. Sci. 114, 57-61.

Alvarado, J., Schroeder, M.A., Pollard, T.P., Wang, X., Lee, J.Z., Zhang, M., Wynn, T., Ding,
M., Borodin, O., Meng, Y.S., et al. (2019). Bisalt ether electrolytes: a pathway towards lithium
metal batteries with Ni-rich cathodes. Energy Environ. Sci. 12, 780-794.

Singh, D.K., Henss, A., Mogwitz, B., Gautam, A., Horn, J., Krauskopf, T., Burkhardt, S., Sann,
J., Richter, F.H., and Janek, J. (2022). Li6PS5CI microstructure and influence on dendrite
growth in solid-state batteries with lithium metal anode. Cell Reports Phys. Sci. 3, 101043.
Yang, C., Xie, H., Ping, W., Fu, K., Liu, B., Rao, J., Dai, J., Wang, C., Pastel, G., and Hu, L.
(2019). An Electron/lon Dual-Conductive Alloy Framework for High-Rate and High-Capacity
Solid-State Lithium-Metal Batteries. Adv. Mater. 31, 1804815.

Wang, Y., Liu, Y., Nguyen, M., Cho, J., Katyal, N., Vishnugopi, B.S., Hao, H., Fang, R., Wu,
N., Liu, P., et al. (2023). Stable Anode-Free All-Solid-State Lithium Battery through Tuned
Metal Wetting on the Copper Current Collector. Adv. Mater. 35, 2206762.

Kim, H., Chou, C.Y., Ekerdt, J.G., and Hwang, G.S. (2011). Structure and properties of Li-Si
alloys: A first-principles study. J. Phys. Chem. C 115, 2514-2521.

28



32.

33.

34.

35.

36.

37.

38.

39.

Bao, W., Fang, C., Cheng, D., Zhang, Y., Lu, B., Tan, D.H.S., Shimizu, R., Sreenarayanan, B.,
Bai, S., Li, W., et al. (2021). Quantifying lithium loss in amorphous silicon thin-film anodes via
titration-gas chromatography. Cell Reports Phys. Sci. 2, 100597.

Li, J., and Dahn, J.R. (2007). An In Situ X-Ray Diffraction Study of the Reaction of Li with
Crystalline Si. J. Electrochem. Soc. 154, A156.

Tan, D.H.S., Chen, Y.T., Yang, H., Bao, W., Sreenarayanan, B., Doux, J.M., Li, W., Lu, B,
Ham, S.Y., Sayahpour, B., et al. (2021). Carbon-free high-loading silicon anodes enabled by
sulfide solid electrolytes. Science (80-. ). 373, 1494-1499.

Stallard, J.C., Vema, S., Grey, C.P., Deshpande, V.S., and Fleck, N.A. (2023). The strength of
a constrained lithium layer. Acta Mater. 260, 119313.

Fang, R., Li, W, Jiao, J., Zhao, L., Yao, Y., and Zhu, J. (2024). Modeling the electro-chemo-
mechanical failure at the lithium-solid electrolyte interface: Void evolution and lithium
penetration. J. Mech. Phys. Solids 192, 105799.

Sedlatschek, T., Lian, J., Li, W., Jiang, M., Wierzbicki, T., Bazant, M.Z., and Zhu, J. (2021).
Large-deformation plasticity and fracture behavior of pure lithium under various stress states.
Acta Mater. 208, 116730.

Siniscalchi, M., Liu, J., Gibson, J.S., Turrell, S.J., Aspinall, J., Weatherup, R.S., Pasta, M.,
Speller, S.C., and Grovenor, C.R.M. (2022). On the Relative Importance of Li Bulk Diffusivity
and Interface Morphology in Determining the Stripped Capacity of Metallic Anodes in Solid-
State Batteries. ACS Energy Lett. 7, 3593-3599.

Chen, L.Q. (1995). A novel computer simulation technique for modeling grain growth. Scr.

Metall. Mater. 32, 115-120.

29



