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Abstract 

Lithium (Li) dendrite penetration has been widely evidenced in ceramic solid electrolytes 

(SEs), which are expected to suppress the Li dendrite formations due to their ultrahigh elastic 

modulus. This work aims to reveal the mechanism of Li penetrations in polycrystalline SEs through 

our electro-chemo-mechanical phase-field model, using Li7La3Zr2O12 (LLZO) as the model material. 

Our results show the Li penetration patterns are influenced by both mechanical and electronic 

properties of the microstructures, i.e., grain boundaries (GB). Li nucleates at the GB junctions on the 

Li/SE interface and propagates along the GB, at which the interfacial compressive stress is small due 

to the GB softening. Moreover, the excess trapped electrons at the GB may trigger isolated Li 

nucleation sites, abruptly increasing the Li penetration depth. High-throughput simulations yield a 

phase map of Li penetration patterns under different trapped electrons concentrations and GB/grain 

elastic modulus mismatch. The map can quantitatively inform whether the mechanical or electronic 
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properties dominate Li penetration morphologies, providing a strategy for the design of improved SE 

materials. 

Keywords: solid-state electrolyte; lithium dendrite penetration; LLZO; phase-field simulation; 

lithium metal anode. 

1. Introduction 

Solid electrolytes (SEs), an alternative to liquid electrolytes, are a potential solution to the 

utilization of lithium (Li) metal anode.
[1]

 Rechargeable batteries with Li metal anode offer a superior 

gravimetric energy density when compared to the conventional Li-ion batteries. However, the 

formation of Li dendrite on the anode’s surface, which tends to grow toward the separator, interferes 

with the cyclability and safety of the Li metal batteries.
[2,3]

 This phenomenon usually occurs when the 

Li metal anode is paired with the traditional liquid electrolytes, reducing the commercial viability of 

Li metal batteries. On the contrary, SEs, which are made of ceramics, solid polymer, or their 

composites, have sufficient stiffness, such that they could be a physical barrier to the Li dendrite 

propagation, which significantly improves aspects related to safety and performance.
[4,5]

  

Ceramic SEs possess several attractive attributes, including thermal and electrochemical 

stability, and more importantly high elastic modulus.
[1,5]

 Their elastic moduli could range from tens to 

hundreds of gigapascals, which are, in theory, more than enough to physically block the growth of Li 

dendrite penetration.
[4,6,7]

 Unfortunately, Li penetration in such promising ceramic SEs as 

Li7La3Zr2O12 (LLZO) is unexpectedly observed in experimental studies.
[8–12]

 Li filaments are found at 

microstructural defects such as voids, cracks, and particularly along the grain boundary (GB),
[8,13–15]

 

suggesting that the microstructural impact on the Li penetration behavior is significant. Still, the role 

of microstructure on the suppression of Li dendrite remains unclear.  

In a solid-state system, electrochemistry and mechanics are intimately coupled: the volume 

expansion of the Li metal anode rises the stress variation at the Li/SE interface and this interfacial 

stress evolution impacts the electrochemical reaction rate. Generally, during Li plating, the 

compressive stress, considered as a back stress that opposes the Li dendrite propagation,
[16]

 evolves in 

the vicinity of newly deposited Li metal.
[4,17,18]

 However, the inhomogeneity of mechanical properties 
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of the SE due to the microstructural defects could lead to a non-uniform stress distribution along the 

Li/SE interface, potentially triggering Li nuclei on the Li metal surface (Figure 1a).
[15,17–20]

 In addition 

to the mechanical perspective, the excess electrons trapped in defects are recently proposed to be a 

viable cause of the isolated Li nucleation in the bulk SEs.
[21–24]

 According to DFT studies, the 

stoichiometric surfaces of cubic and tetragonal LLZO, which represent surfaces of microstructural 

defects, are electronically conductive.
[22,23]

 The excess electrons can be trapped in these surfaces, 

lowering the potential in the SE; thus, the reduction of the Li-ion in the bulk SE is possible, 
[21]

 as 

illustrated in Figure 1a.  

Once nucleated, the propagation and growth behaviors of Li dendrite are dominated by the 

mechanical properties of SE, rather than the electronic properties. Li penetrant inside a mechanically 

hard SE experiences large compressive stress, which exceeds the yield strength of Li. Together with a 

low melting temperature of Li, at room temperature, Li creep behavior is expected. The creep flow of 

the deposited Li metal is what controls the interfacial contact between Li metal and SE as well as the 

interfacial stress generation.
[25,26]

 Herein, we postulate that when the deposited Li metal is in contact 

with the soft media, such as GBs, the built-up interfacial compressive stress between Li and the GB is 

small. The small interfacial compressive stress indicates poor mechanical suppression of Li dendrite. 

Thus, Li preferentially penetrates along the soft GB, and the Li penetrants are likely confined in the 

GB regions by stiff grain interiors, as shown in Figure 1b. To confirm the above hypothesis, a physic-

based theoretical model that explains this complex electro-chemo-mechanical behavior is required. 

In this work, we develop the electro-chemo-mechanical phase-field model to unveil the 

impact of microstructure of SE on the Li penetration behavior. To elucidate how GB softening results 

in the preferential growth of Li, Li metal deposition in a SE system with a single GB is firstly 

simulated. The impacts of microstructural architectures and mechanical properties of the GB on the Li 

penetration behavior are investigated. Moreover, Li penetration in the standard LLZO system is 

simulated by involving intrinsic mechanical and electronic properties of SE. Lastly, high-throughput 

simulations are carried out to draw a phase map of Li morphologies as a function of the GB/grain 

elastic modulus mismatch and trapped electrons concentration. The map gives quantitative 
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information on how the interplay between mechanical and electronic properties of GB impacts the Li 

penetrant morphologies, providing a strategy to engineer the microstructure of SEs to mitigate the Li 

penetration. 

 

Figure 1. Schematic illustration of Li nucleation and propagation mechanisms a) Li 

nucleation forms at the interface due to the presence of defects, while isolated Li nucleation in 

the SE is caused by the trapped excess electrons in the GB. b) Li preferentially propagates 

along the soft GB, at which the interfacial compressive is small, while Li unlikely grows 

toward the grain interior due to the large interfacial compressive stress.   

 

2. Results and discussion 

2.1.  The modified Butler-Volmer equation 

In a SE system, the electrochemical reaction rate not only depends on the activation 

overpotential, but also the mechanical stress at the Li/SE interface.
[4,15,27–29]

 From a physical point of 

view, during Li deposition, the newly deposited Li layer rises the pressure at the interface, which 

subsequently retards the electrodeposition rate of Li.
[15,17,18,30]

 However, when the deposited Li layer is 

dissolved, the pressure at the interface is relieved; thus, the impact of mechanical stress is likely 

diminished. Therefore, we assume that mechanical stress primarily shifts the overpotential of the 

cathodic reaction. The Butler-Volmer kinetics for Li deposition/dissolution is consequently modified 

as  
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𝐼 = −𝐼0 {exp [
(1 − 𝛼)𝐹𝜂𝑎

𝑅𝑇
] − 𝑐+exp [

−𝛼𝐹𝜂𝑎 − 𝐹𝜂𝑚

𝑅𝑇
]}, (1) 

where 𝐼0
 = 𝑒𝑘0𝑎𝐿𝑖𝛾𝑇

−1. Here, 𝜂𝑎 = ∆∅ − 𝐸𝑜
 
 is the activation overpotential and 𝜂𝑚 = 𝐶𝑃𝑣𝐿𝑖/𝐹 is 

the shift of the overpotential due to the mechanical stress,
[4,17,29,31]

 where 𝑃 and 𝑣𝐿𝑖 represent the 

hydrostatic pressure at the interface and molar volume of Li metal, respectively. 𝐶 is the mechanical 

overpotential correction factor. The Gibbs free energy along the reaction coordinate is shown in 

Figure 2a. To trigger the electrodeposition process, the negative overpotential (𝜂𝑎 < 0) is applied so 

that the energy landscape of <Li
+
 + e

-
> is shifted upward, thus the cathodic reaction is dominated. 

However, the compressive stress (𝜂𝑚 > 0) moves down the energy landscape of <Li
+
 + e

-
>, leading to 

a decrease of the cathodic current density. The higher the compressive stress at the Li/SE interface, 

the slower the Li deposition rate becomes.
[17]

 The complete derivation and discussion can be found in 

Supporting Information. 

 

2.2. Electro-chemo-mechanical phase-field modeling 

In this electro-chemo-mechanical phase field modeling, two phase-field parameters (ξ and φ) 

are introduced to distinct the three-phase system: the Li metal phase (ξ = 1, φ = 0), the GB phase (ξ = 

0, φ = 1), and the grain (ξ = 0, φ = 0). Each phase field parameter ranges from 0 to 1. The phase field 

equations are expressed as   

𝜕𝜉

𝜕𝑡
= −𝐿0(𝑔′(𝜉) − 𝑘∇2𝜉) − 𝐿𝜂ℎ′(𝜉) {exp

(1 − 𝛼)𝐹𝜂𝑎

𝑅𝑇
− 𝑐+exp [

−𝛼𝐹𝜂𝑎 − 𝐹𝜂𝑚

𝑅𝑇
]} + 𝛿𝑁 , (2) 

𝜕𝜑

𝜕𝑡
= −𝐿0

𝑠 𝜕𝐹

𝜕𝜑
, (3) 

where 𝐿0 and 𝐿𝜂 are constants related to the interfacial mobility and the electrochemical reaction, 

respectively. 𝛿𝑁 represents the Li dendrite nucleation driving force.
[22]

 Equations 2 and 3 are solved 

simultaneously with the mass transport (Equation S19), charge equilibrium (Equation S20), and the 

stress equilibrium equation. Stress evolution at the interface involves complicated contact 
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mechanics,
[26,32]

 creep or viscoplastic behavior of Li metal,
[25,33]

 and the volumetric change of the 

electrode. To make the problem mathematically tractable, we assume that the inelastic strain due to 

the volume expansion of Li metal is the only source of the internal stress generation, and the contact 

mechanics is not considered. The stress equilibrium equation is expressed as 

𝛻 ⋅ 𝝈 = 0, 
(

4) 

where 𝝈 = 𝑪𝒆𝒇𝒇 𝜺𝒆𝒍 and 𝜺𝒆𝒍 = 𝜺 − 𝜺𝟎. 𝑪𝒆𝒇𝒇 is the effective elastic stiffness tensor. 𝜺𝒆𝒍 is the elastic 

strain wherein small deformation theory is assumed. The inelastic stain, 𝜺𝟎, due to the volume 

expansion of Li metal during the Li deposition process can be expressed as 𝜺𝟎 = 𝑲𝒊𝒊𝜉, where 𝑲𝒊𝒊 is a 

constant diagonal matrix. 𝑲𝒊𝒊 is obtained by calibrating the resulting stress at the interface to the 

calculated stress reported in analytical and computational works.
[26,34,35]

 Full description of this 

electro-chemo-mechanical phase field model can be found in Supporting Information.  

 

2.3. Influences of GB softening 

Polycrystalline SE contains GBs, which usually have a relatively low elastic modulus,
[18,20]

 

compared to the grain interior. Consequently, during the Li deposition process, the built-up of 

compressive stress at the Li/GB interface is small, resulting in the current focusing and preferential Li 

deposition in the GB. To clarify this GB softening theory, Li deposition in a SE system with a single 

GB is simulated. Figure 2b shows the geometry of the simulation domain and the mechanical 

properties in the system. Note that no artificial nucleation site is employed on the interface. The 

current density of 1.6 mA cm
-2

, which is large enough to generate the Li dendrite, is applied to drive 

the electrodeposition. Moreover, the theoretical studies show the interfacial stress is on the order of a 

few megapascals.
[26,34–36]

 Thus, through the calibration, the constants related to the inelastic strain are 

determined to be 𝐾𝑖𝑖 = 2.1 x 10
-4

. All simulation parameters are listed in Table S1 and more details 

can be found in Supporting Information. 

The evolution of Li penetrant morphology and stress profile are shown in Figure 2c and 2d, 

respectively. Initially, the Li metal surface is perfectly uniform. After applying the current density, the 
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first layer of deposited Li distributes uniformly on the Li metal surface. The Li metal electrode 

expands equally throughout the Li/SE interface, generating the uniform volumetric strain. However, 

the GB softening leads to a relatively low compressive stress at the Li/GB interface when compared to 

the stress at the Li/grain interface. At the simulation time t = 20 s, Figure 1e shows that the 

compressive stress in the GB region is approximately 2 times lower than the bulk grain region. This 

results in the acceleration of Li deposition rate in the GB. At the simulation time t = 200 s, a small Li 

penetrant is formed in the GB region as Li continues depositing on the interface, which undergoes a 

small compressive stress. At the simulation time t = 400 s, the formation of Li penetration is fully 

developed, and the penetration rate increases rigorously at this stage.  

Furthermore, the additional investigation on the effects of operating conditions, such as 

current density and external pressure, on the Li penetration behavior is performed. A larger applied 

current density leads to a faster Li deposition rate, and thus, a higher Li penetration rate in the GB 

(Figure S1). Moreover, a large applied stack pressure essentially adds significant compressive stress 

throughout the SE system, including the interfacial stress. Thus, the overall Li deposition is reduced. 

However, the compressive stress at the Li/GB interface is still lower than that at the Li/SE interface 

due to the softness of the GB; therefore, Li penetration in the GB occurs (Figure S2).      
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Figure 2. a) The plot of energy barrier against the reaction coordinate for the 

electrodeposition reaction, Li
+
+ e ⇋ Li, under the influence of mechanical stress at the 

interface. b) The geometry, initial and boundary conditions, as well as mechanical properties 

used in Li deposition simulation.  The evolution c) Li morphology and d) its associated stress 

distribution under a current density of 1.6 mA cm
-2

. e) the plot of resulting stress of Li along 

the Li/SE interface at the simulation time t = 20 s (black) together with the reported maximal 

interfacial stress in literature, X. Zhang et al. 
[26]

 and Q. Tu et al. 
[35]

  

 

2.4. Microstructural dependency 

As Li penetrants are formed in the GB region, the microstructure and mechanical properties 

of GB could play an important role in governing the Li penetration rates and morphologies. In this 

section, several simulations are performed to illustrate the microstructure architectures and 

mechanical properties dependency. First, Li deposition behavior in the SE system with various angles 

between the GB and the Li metal surface is examined. The elastic modulus of the GB and the grain 

are fixed at 50 GPa and 100 GPa, respectively. Figure 3a shows the size of Li penetrant is the largest 

when the GB boundary direction is perpendicular to the Li/SE interface. The stress at the Li/GB 

interface is similar for all cases, which indicates a similar mechanical contribution to the reaction rate 

(Figure 3b). However, the current density (Li deposition rate) decreases with a decrease in angle 

between the GB and the Li/SE interface. This is because Li tends to deposit in the direction of the 

electric field, which is the main electrodeposition driving force. When the GB is aligned in the same 

direction to the electric field, the Li penetration rate is the highest.  

Next, Li deposition behavior under different elastic moduli of the GB is investigated. Figure 

3c indicates the softer the GB, the larger the size of the Li penetrant. The magnitude of stress at the 

Li/GB interface decreases with increasing degree of the GB softening. The lower compressive stress 

leads to the higher current density, as shown in Figure 3d. Obviously, little to no differences in elastic 

modulus between the GB and the grain is desirable. 
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Lastly, the impact of the distancing between each GB on Li penetration rate is studied. The 

elastic modulus of the GB and the grain are fixed at 50 GPa and 100 GPa, respectively. As the gap 

between the GBs gets closer, the Li penetration rate decreases, as shown in Figure 3e. Its underlying 

mechanism can be traced back to the distribution of Li-ions (Figure 3f). When the number of Li 

penetrants in the GB increases, Li-ions distribute more uniformly, thus slowing down the Li 

penetration rate. It is evident in Figure 3g that the Li-ion profile along the cut line at the tips of Li 

penetrants is more uniform when the gap between the GBs is small. This result implies that 

polycrystalline SEs with small grain size (or small distancing between GBs) is preferable.  

 

Figure 3. a) Li penetrant morphology in the solid electrolyte (SE) system consisting a single 

grain boundary (GB) with various angles between the GB and the Li metal surface, captured 

at time t = 800 s. b) The plot of the ratios of (i) the local current density and (ii) interfacial 

compressive stress of the GB and the grain as a function of time, showing how the alignment 

of the GB influences the Li penetration rate. c) Li penetrant morphology in the SE system 

consisting a single GB with different degrees of GB softening, captured at time t = 800 s. d) 

The plot of the ratios of (i) the local current density and (ii) interfacial compressive stress of 

the GB and the grain as a function of time, illustrating how GB softening impacts the current 
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focusing in the GB. e) Li penetrant morphology and f) Li-ion concentration profile in the SE 

system consisting multiple GBs with different distancing. g) 1D plot of Li-ion concentration 

along the cut line A1- A2 and B1- B2.  

 

2.5. Intergranular growth of Li dendrite in LLZO 

In this section, our electro-chemo-mechanical phase-field modeling is applied to simulate the 

Li dendrite penetration in LLZO by considering both stress and electronic contributions. Measured 

and calculated properties, including elastic modulus and Li-ion diffusion coefficient of LLZO, are 

utilized. The polycrystalline structure of LLZO is randomly generated with an approximate grain size 

of 7.5 µm. The elastic modulus of the grain is approximately 158 GPa, while the elastic modulus of 

the GB is 92 GPa.
[20]

 The calculated trapped electrons concentration in the GB of LLZO is ce = 0.337 

mol/L.
[22,23]

 The current density of 2.0 mA cm
-2

 is applied, which is larger than the reported critical 

current density in LLZO at room temperature in most literature.
[8,13,24,37,38]

 Other simulation 

parameters are listed Table S2, and the complete details of the initial/boundary conditions can be 

found in Supporting Information. First, the Li deposition simulation is performed to highlight the 

growth of Li dendrite penetration under the influence of the GB softening. Figure 4a shows the 

evolution of the intergranular growth of Li dendrite in LLZO, which agrees with the experimental 

observations.
[8]

 Figure 4b illustrates that the compressive stress at the Li/grain interface is large, 

resulting in significantly impeded Li deposition into the grain. On the other hand, compressive stress 

at the Li/GB interface is small, leading to the preferable Li deposition location. The Li morphology is 

primarily controlled by such an interfacial stress difference induced by the mismatch of the elastic (or 

plastic) properties between GB and grain. Figure 4c reveals that Li-ions are distributed non-uniformly 

in the SE domain, further promoting the non-uniform Li deposition behavior.   

Moreover, to demonstrate the impact of electronic contribution, the trapped electrons 

concentration is now considered. Figure 4d shows the morphological evolution of the intergranular 

growth of Li with an additional nucleation site far from the Li/LLZO interface. Theoretically, the Li 

nucleation probability arises exponentially with increasing excess electrons concentration (Figure 4e). 
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The presence of trapped electrons in the GB (0.337 mol/L) raises the nucleation probability 

throughout the GB domain, as illustrated in Figure 4f. Once an isolated Li nucleation site is generated, 

Li propagates rapidly in the bulk SE in all directions along the GBs. The occurrence of the isolated Li 

nucleation leads to a sharp undesirable rise in Li penetration depth, as shown in Figure 4g. 

 

Figure 4. a) The evolution of the Li penetrant morphology in polycrystalline LLZO with the 

elastic modulus of 92 GPa and 158 GPa in the grain boundary (GB) and the grain, 

respectively. b) The associated stress profile at t = 350s, which emphasizes the low 

compressive stress at the Li/GB interface. c) The evolution of the normalized Li-ion 

concentration profiles. d) The evolution of Li deposition morphology in the LLZO with the 

presence of isolated Li nucleation site due to the trapped electrons concentration. e) The plot 

of Li nucleation probability against the trapped electron concentration. f) The Li nucleation 

probability in the GB domain. g) The plot of the Li penetration depth as a function of time for 

both cases. 
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2.6. Phase map of Li morphologies 

This section aims to thoroughly investigate how the mechanical and electronic 

properties of the microstructure in the SE influences the Li penetration behavior. High-

throughput simulations of Li deposition is carried out by varying the excess electrons 

concentration and the elastic modulus of the GB, under a constant applied current density of 

2.0 mA cm
-2

.  Figure 5 represents the phase map of Li deposition morphologies as a function 

of the ratio between the elastic modulus of the GB and the grain (EGB/EGrain) as well as the 

trapped electron concentration. Ideally, the absence of the trapped electrons and the 

homogeneous mechanical property lead to the uniform Li deposition on the Li metal surface 

without any sign of Li dendrite (region i). When the GB becomes moderately soft (EGB/EGrain 

~ 0.8), Li nucleates at the GB junctions. However, the GB is not soft enough to be a favorable 

growth path for Li metal; therefore, Li grows in the direction parallel to the electric field, 

penetrating through the grain interior (region iii). Nonetheless, when the GB is soft 

(EGB/EGrain < 0.7), Li tends to deposit in the GB, forming the intergranular growth of Li 

dendrite (region ii). These simulation results indicate that the softness of the GB is a primary 

factor that indicates whether Li preferentially penetrates through the GB or the grain interior.        

Furthermore, the increase of the trapped electron concentration in the GB rises the 

possibility of sporadic Li nucleation sites in the SE. The results show the isolated Li 

nucleation starts to appear when ce > 0.15 mol/L. However, whether or not the continuous Li 

depositing on these nucleation sites causes dendrite penetration toward the cathode depends 

on how soft the GB is. For example, under the condition that the mechanical property of the 

SE is homogenous, the shape of scattered Li in the bulk SE is spherical, which unlikely leads 

to the short circuit (region v). However, when the GB becomes slightly softer than the grain, 

Li deposition likely occurs in the GB regions, forming scatter Li filaments in the bulk SE 
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(region iv). Noticeably, in the bulk SE, Li penetrant is easier to form, compared the Li 

filament that grows from the root. This is attributed to the abundance of Li-ions (high 

concentration overpotential) in the bulk SE, which favors the electrodeposition rate. 

Nevertheless, when the GB is very soft, the rapid Li deposition in the GB tends to connect all 

Li filaments, forming large a web-like structure of Li dendrite (region ii), which doubtlessly 

short-circuits the batteries. As expressed, the presence of trapped electrons just triggers 

isolated Li nucleation sites. However, the softness of the GB is what dominates the growth 

behavior of Li dendrite penetration. 

Nevertheless, the phase map is generated under a constant current density of 2.0 mA 

cm
-2

. If the current density is adjusted, the phase map will change. For example, when the 

current density is increased (>2.0 mA cm
-2

), Li morphologies throughout the map will be less 

uniform. This is because, at a higher applied current density, the current accumulation at the 

Li perturbation tip is even more concentrated. Consequently, the Li deposition rate at the tip 

is even faster, leading to a more dendritic shape of Li metal.  

 

Figure 5. The phase map of Li morphologies as a function of elastic modulus mismatch 

between the GB and grain (EGB/ EGrain) and trapped electrons concentration (ce) in the GB 

region under an applied current density of 2.0 mA cm
-2

. The mechanical action dominates 
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the Li penetration growth behavior, while the trapped electron concentration controls the 

number of isolated Li nucleation sites in the SE.  

 

3. Conclusion 

We develop the electro-mechano-chemical phase-field modeling to reveal the Li nucleation 

and propagation mechanism in polycrystalline SEs. Our results show intrinsic mechanical and 

electronic properties of the GB play a role in controlling the Li penetration patterns. Firstly, we 

confirm that the mechanics/microstructure is the driving force behind the Li nucleation and growth on 

the Li metal surface. The existence of the GB, a soft media, locally leads to a small interfacial 

compressive at the Li/GB interface during Li depositing. Thus, with the low opposing stress, Li 

preferentially nucleates and penetrates along the soft GB. In addition, we further demonstrate the 

impact of the microstructural architectures and mechanical properties of the SEs on Li penetration 

behavior. Li penetration rate is the highest when (i) the GB is perpendicular to the Li/SE interface, (ii) 

the GB is very soft, and (iii) the distancing between each GB is large. Later, we employ our model to 

simulate the intergranular growth of Li in the famous LLZO by considering the electronic and 

mechanical properties, estimated by the atomic calculations. Li grows along the GB because of GB 

softening, and the excess trapped electrons in the GB triggers an isolated Li nucleation in the bulk SE, 

which critically raises the Li penetration depth. Lastly, we perform high-throughput simulations of Li 

deposition to draw a phase map that provides quantitative information on how the interplay between 

mechanical and electronic properties regulates Li deposition morphologies. The map can give an idea 

of what intrinsic property of the SE might be the primary cause of the observed Li penetration 

patterns. Hence, further experimental verification can be done feasibly. We hope this fundamental and 

quantitative understanding of Li penetration mechanism will help facilitate the design of the novel SE 

materials. 

 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 
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Short Summary 

The mechanism of lithium penetration in polycrystalline solid electrolytes is revealed through 

the electro-chemo-mechanical phase-field model. Lithium penetration behaviors are influenced by 

both mechanical and electronic properties of the grain boundaries (GB). The GB softening controls 

lithium nucleation at the electrode surface and the growth mechanism, while the trapped electrons in 

the GB govern the isolated lithium nucleation.  
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