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Abstract: Interfacial instability from void formation at the solid-solid interface is one of the crucial 

challenges in solid-state batteries. However, the fundamental mechanism as to how stress is generated in 

the lithium (Li) and thus impacts void formation is not established. A general creep/contact electro-

chemo-mechanical model is newly developed to reveal the mechanisms of void formation at the Li/solid 

electrolyte (SE) interface during stripping. Li stress calculation is achieved by presuming that the strain-

rate-dependent creep deformation of Li metal acts like that of an incompressible viscous fluid flow. Our 

results demonstrate that the dominant mechanism that impedes void formation is the creep-induced flux 

enhancement of vacancies, which are transported into Li metal for a non-ideal Li/SE interface with pre-

existing interfacial defects. This contrasts with previous simulations on an ideal flat Li/SE interface in 

which the vacancy diffusion away from the interface was shown to govern whether voids are formed. 

 

1. Introduction 

Solid-state lithium (Li) metal batteries (SSBs), which consist of a solid electrolyte (SE) paired with 

a Li metal anode, have the potential to offer a superior gravimetric energy density when compared to 

conventional Li-ion batteries.[1,2] In principle, the impressive high elastic modulus of the SE is enough 

to physically block the growth of Li dendrites, which currently limits the utilization of a Li metal 

anode.[3,4] Unfortunately, Li dendrites are unexpectedly observed to nucleate at interfacial voids and 

cracks between the Li metal and the SE (such as Li7La3Zr2O12, LLZO, and Li phosphorus oxynitride, 

LiPON), and eventually penetrate the SE.[5–7] Another critical problem is the interfacial instability 

arising from the contact loss at the Li/SE interface during stripping, which lowers the battery’s 

cyclability and ultimately causes cell failure.[8–12] Thus, the dynamic behavior of the mechanical contact 

at the Li/SE interface needs to be understood to design a better battery cell. 

A challenge to maintain mechanical contact at the Li/SE interface is void formation.[13–16] Void 

formation leads to interfacial porosity, surface roughness, and consequently contact loss.[17–19] 
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Recently, experimental characterization has shown that the stack pressure is an important factor in 

preventing void formation during stripping in SSBs.[18,20,21] It has been proposed that the pressure-

driven creep deformation of Li metal replenishes the void at the Li/SE interface.[18,22] However, void 

formation at the solid-solid interface involves stress, contact, reaction, and Li/Li+ transport, which are 

challenging to observe and measure experimentally. Therefore, the understanding of contact issues 

during stripping is still in its infancy. Specifically, the fundamental questions as to how the external 

pressure and current as well as intrinsic material properties impact the internal void formation at the 

Li/SE interface are unanswered.  

Taking a deeper insight into the mechanism of interfacial void formation, when applying current 

density and stack pressure, the stripping current removes electrons from Li metal and releases Li+ into 

the SE to migrate away from the interface (i.e., the flux of Li+ migration away from the interface, 

Jmigration). This generates a large number of vacancies in Li metal near the interface. The flux of the 

vacancies contributed by the Li metal creep, Jcreep, and diffusion, Jdiffusion, can transport the vacancies 

away from the interface and towards the bulk Li metal, as illustrated in Figure 1a. Recent kinetic Monte 

Carlo (KMC) simulations[23] show that for an ideal flat Li/SE interface, Jdiffusion is high enough to transport 

the vacancies away from the interface and maintain a smooth Li/Li2O surface even without the stack 

pressure (i.e., Jdiffusion > Jmigration where J# represents the magnitude of the flux), as illustrated in Figure 

1b. However, such an ideal flat interface is unlikely due to the limitation of the experimental conditions 

and techniques, and pre-existing interfacial defects such as pores/voids are common on the SE 

surface.[7,24] Some experimental measurements show that pre-existing defects often grow, particularly 

under conditions of no or small stack pressure, which contrasts with the KMC simulations.[17,18,22] 

Therefore, it is reasonable to speculate that Jdiffusion cannot impede the void formation for a non-ideal 
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Li/SE interface with pre-existing defects, as illustrated in Figure 2a. However, the mechanism as to 

how the non-ideal Li/SE interface modulates Jdiffusion is still unclear. On the other hand, a sufficiently 

high stack pressure is experimentally found to impede the formation of voids.[17,18] It is thus 

hypothesized that the creep-induced flux of vacancies, Jcreep, rather than Jdiffusion, is the dominate factor 

that impedes void formation. To be more specific, Jcreep is fast enough to move away the new vacant 

sites (Jcreep > Jmigration) if a sufficiently high stack pressure is applied, as illustrated in Figure 2b. From the 

atomic perspective, the creep deformation of Li metal is accompanied by dislocations, which can 

reduce the diffusion barrier of vacancies.[25,26] However, the knowledge as to how the 

local/microscopic interfacial Li stress arises due to the macroscopic stack pressure and internal 

electrochemical reaction, as well as how Li stress impacts Jcreep, remain little-explored. An in-depth 

understanding of the above knowledge gaps is pressing. 

One important aspect is that the mechanical stress manifests more acutely at the solid-solid 

interface. Several experimental and theoretical works attempt to illustrate how the Li stress is 

generated and transmitted when the Li metal is in contact with the SE; however, the measured and 

calculated Li stress differs significantly from one research work to another.[27–31] This complex 

mechanical interaction at the interface has not yet been clarified. Recent experimental observations 

revealed that Li metal exhibits a strain-rate-dependent creep behavior dominated by dislocation climb 

over a wide range of battery-charging/discharging conditions.[32,33] Thus, the creep mechanism needs 

to be correlated with the stack pressure and current density during charging/discharging to fully 

understand the electro-chemo-mechanical interaction behaviors between Li metal and the SE. Herein, 

we postulate that Li metal behaves like an incompressible viscous fluid via a creep deformation 

mechanism under compression, where the hardness of Li metal (~MPa)[34] is much smaller than that 
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of the SE (~GPa)[35] at the microscale. Therefore, the fluid-structure interaction (FSI) theory can be 

introduced to predict the Li stress generated. 

In this work, we aim to systematically decipher the mechanisms of the void formation at the Li/SE 

interface during stripping by using a newly developed creep/contact electro-chemo-mechanical 

model. The creep stress distribution of Li metal is calculated by introducing a novel FSI theory where 

the strain-rate-dependent creep deformation behavior of Li metal is analogous to an incompressible 

viscous fluid flow. LLZO is chosen as the SE for demonstration. To clarify the effect of Jdiffusion on void 

formation, a one-dimensional model with the ideal flat Li/SE interface is first investigated. For the non-

ideal Li/SE interface, the effect of pre-existing interfacial defect features (e.g., pore length and pore 

depth) on the void formation behavior is comprehensively investigated. To determine the preferred 

stack pressure that could impede void formation under different requirements, the competing 

influences between stack pressure and current density on the void formation are intensively explored, 

which yield a map of void formation that can inform whether the stack pressure sufficiently impedes 

void formation. Lastly, to clarify the effect of the material properties on interfacial mechanical 

stability, high-throughput simulations yield an interfacial mechanical stability window as a function of 

ionic conductivity and exchange current density which can give quantitative information on whether 

the fabricated SE can maintain a stable interface. 

2. Results and Discussion 

2.1. Ideal flat Li/SE interface 

We first investigate a scenario in which the ideal flat Li/SE interface is considered. When applying 

a current density without stack pressure, Jmigration removes Li+ from the interface, generating a large 



 

  

 

This article is protected by copyright. All rights reserved. 

6 

 

number of vacancies in Li metal near the interface. Thus, the higher the stripping current density, the 

larger the concentration of the Li+ removed from the interface, and thus the larger the concentration 

of vacancies is generated. Such a concentration of vacancies at the interface could produce a high 

vacancy diffusion gradient (i.e., Jdiffusion) which can quickly transport vacancies away from the interface, 

thus, void formation is impeded as illustrated in Figure 1b.  

To clarify the void formation mechanism for the scenario of ideal flat Li/SE interface, a quantitative 

analysis and comparison between Jmigration and Jdiffusion are introduced. Recent experiments show that 

the ionic transference number of LLZO is near unity,[36] and thus it can be assumed that all of the 

current density in the Li/LLZO interface is generated by the flux of Li+. With a specific applied current 

density, Jmigration can be described as: 

int erface
migration

z F


i
J , (1) 

where iinterface is the interfacial current density, F is Faraday’s constant, and z+ is the valence of cations. 

For Jdiffusion, the defect relaxation model developed by Schmalzried and Janek[37] can be used to 

estimate the magnitude of the limiting flux of the vacancy diffusion: 

0

0
1 vac vac

diffusion vac

vac vac

c D
J c

c 

 
  
 

, (2) 

where cvac is the maximum value of the concentration of the vacancies at the Li/SE interface which 

depends on the current density during stripping[38–40] (calculation details can be found in Supporting 

Information S2 and Figure S3). 𝑐𝑣𝑎𝑐
0  is the equilibrium concentration of the vacancies, and is 

approximately 8x10-9 mol cm-3 estimated by ab initio calculations.[41] Dvac is the diffusion coefficient of 
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Li vacancies, and is around 10-10 cm2 s-1 at room temperature as reported in previous KMC 

simulations[23] and others.[42–44] τvac is the relaxation time of Li vacancies, which is assumed to be 

approximately 5 s.[19]  

Figure 1c compares the quantities of Jmigration and Jdiffusion for the ideal flat Li/SE interface  subjected 

to a current density from 0.1 mA cm-2 to 3.5 mA cm-2, which are commonly used in experiments.[18,38,45] 

To focus on the effect of Jdiffusion, no stack pressure is applied. It is observed that the calculated Jmigration 

is in the range of 0.001 to 0.0363 μmol cm-2 s-1, while the calculated Jdiffusion is in the range of 0.01 to 

0.35 μmol cm-2 s-1 with the normalized maximum vacancy concentration, i.e., from 2.6 x105 to 9.6x106. 

Obviously, Jdiffusion is larger than Jmigration whatever current density is applied, which implies that the 

vacancies diffuse away fast enough from the interface such that void formation is impeded. Such 

results are consistent with the observations in previous KMC simulations.[23]  

2.2. Non-ideal Li/SE interface with pre-existing defects 

2.2.1. Competition mechanism between Jcreep and Jmigration on void formation 

In this scenario, the non-ideal Li/SE interface with pre-existing defects is modelled. As illustrated 

in Figure 2a, vacancy diffusion along the surface of the pre-existing defect is faster than it diffuse into 

the bulk region (terrace-ledge-kink model) due to the lower self-diffusion barriers along the defect 

surfaces.[19,46] Then, vacancies are trapped/absorbed by the defect[47] and causing the defect (e.g., 

pore) growth. Therefore, the vacancies at the non-ideal Li/SE interface with defect are reduced when 

compared to that at the ideal flat Li/SE interface, as observed in Figure S4 (detailed simulation 

procedures can be found in Supporting Information S4). Therefore, Jdiffusion is much lower than Jmigration 

without stack pressure, as shown in Figure 2d where the Jdiffusion is calculated as 0.0025 μmol cm-2 s-1 
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through the calibration, whose details can be found in Supporting Information S3 and Figure 2f. These 

numbers suggest that as Li+ is stripped, Jdiffusion is not fast enough to transport the Li+ migration 

generated vacant sites away from the interface, resulting in void formation and eventually contact 

loss. 

When applying a pressure, creep deformation occurs inside the Li metal due to dislocation climb, 

as illustrated in Figure 2b. From the atomic perspective, the stack pressure-induced dislocation 

reduces the energy barrier of the vacancy diffusion, leading to fast vacancy transport into the bulk Li 

metal,[25,26] as shown in Figure 2c. It is easily understood that the higher stack pressure presents a 

larger dislocation climb, resulting in the higher flux of the vacancies transported away from the 

interface and towards the bulk Li metal. In addition, according to recent experimental 

measurements,[18,22] the critical stack pressure to prevent void formation shows a nonlinear 

relationship with the current density. Thus, the relationship between the pressure and the Jcreep can 

be expressed as 

0 exp Li Li
creep creep

V P
j

RT

 
  

 
J n , (3) 

where j0 is the flux of the vacancies transported away from the interface without pressure, in other 

words, j0 is equal to Jdiffusion at the scenario of a non-ideal Li/SE interface with pre-existing defects. λ is 

the constant which is related to the creep deformation-induced dislocation density of Li metal. VLi is 

the molar volume of Li metal. R and T are the molar gas constant and temperature respectively. PLi is 

the hydrostatic pressure in the Li metal. To accurately capture the relationship of the pressure and 

Jcreep, Jdiffusion (or j0) and λ are calibrated through recent experimentally measured critical stack pressure 

and the corresponding critical current density, i.e., Jcreep (  Jmigration),[18,22] as shown in Figure 2f. The 
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detailed calibration procedures can be found in Supporting Information S3 and the results are listed 

in Table S1. ncreep is the direction vector of the creep flow, ncreep = ∇𝐏/|∇𝐏|. Here, PLi is calculated from 

our developed creep/contact model, and the creep equation and model details can be found in 

Supporting Information S1 and Figure S2. 

 

Figure 2d shows the quantitative analysis and comparison between Jmigration, Jcreep, and Jdiffusion. It is 

observed that the calculated Jcreep is in the range of 0.004 to 0.08 μmol cm-2 s-1, when subjected to a 

stack pressure from 2 MPa to 15 MPa, and it is comparable with the Jmigration, which is between 0.0052 

to 0.0363 μmol cm-2 s-1 when subjected to a current density from 0.5 mA cm-2 to 3.5 mA cm-2. Jdiffusion 

(whose details can be found in Supporting Information S3 and Figure 2f) is also plotted for reference 

and its magnitude (0.0025 μmol cm-2 s-1) is two order smaller than those for Jcreep and Jmigration, and thus 

can be ignored. If Jmigration is smaller than Jcreep, e.g., under a high stack pressure or a low stripping 

current density, Jcreep is fast enough to move the vacancies away from the interface and into the bulk 

Li metal. In this case, as a vacancy is generated, Jcreep is fast enough to move the vacant site into the 

bulk Li metal before another vacant site is generated. Thus, void formation is suppressed. On the other 

hand, if Jmigration is larger than Jcreep, e.g., under a small stack pressure or a high stripping current density, 

the flux of the migrating Li+ generated-vacancies at the Li/SE interface is higher than the flux of the 

vacancies transported into the bulk Li metal, and a void will be formed.  

2.2.2. Effect of pre-existing defect on void formation 

In this section, comprehensive simulations are performed to illustrate the influence of the pre-

existing defect features (e.g., void/pore) on the void formation. The defect parameters, i.e., pore 
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length, Plength in the range of 0.2 to 3.0 μm and pore depth, Pdepth from 1.0 to 6.0 μm, are determined 

through the reported experimental results,[48] as depicted in Figure 3g. A stack pressure of 3 MPa and 

current density of 0.5 mA cm-2 are applied, which are located close to the critical line of the void 

formation (see Figure S8a). The other simulation parameters and boundary/initial conditions can be 

found in Supporting Information S6 and Figure S6. To calculate Jcreep, we develop a new creep/contact 

model to calculate the local creep stress distribution of Li metal by presuming that the strain-rate-

dependent deformation of Li metal behaves like an incompressible viscous fluid flow. A full description 

and derivation of this creep/contact model can be found in Supporting Information S1 and Figure S2, 

and the model validation is detailed described in Figure 2e and Supporting Information S3. 

To illustrate the impact of Plength and Pdepth on the void formation, the compressive stress and 

current density along the interface in the local region near the pore (i.e., path AB, see Figure 3g) are 

investigated. Figure. 3a and 3b plot the dependence of the interfacial compressive stress on Plength and 

Pdepth respectively. It can be observed that the interfacial compressive stress near the pore edges 

decreases with the increase of Plength. It indicates that Jcreep decreases with increasing Plength. On the 

other hand, the interfacial compressive stress near the pore edges decreases with increasing Pdepth as 

shown in Figure 3b, implying that Jcreep decreases with increasing Pdepth. This is probably attributed to 

the fact that the cases with a smaller Plength (see the insert of Figure 3a) or Pdepth (see the insert of Figure 

3b) present a larger gradient of the displacement rate (i.e., strain rate) near the pore edges, which is 

positively correlated to the creep stress (see creep constitutive: Equation S6-S7). In addition, as 

observed, the interfacial compressive stress is concentrated at the pore edges. One potential reason 

is that the strain rate near the pore edges is much larger. 
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Figure 3c and 3d plot the dependence of the interfacial current density on Plength and Pdepth, 

respectively. The results show that the interfacial current density near the pore edges increases with 

the increase of Plength. It indicates that Jmigration increases with increasing Plength. While the interfacial 

current density near the pore edges decreases with the increase of Pdepth, as shown in Figure 3d, 

implying that Jmigration decreases with increasing Pdepth. One potential reason is that the higher potential 

gradient is presented for the case with a higher Plength, as shown in Figure 3e. On the contrary, the 

higher Pdepth leads to the lower potential gradient, as shown in Figure 3f. Note that both Jcreep and 

Jmigration are heterogeneously distributed and concentrated near the pore edges, as shown in Figure 3h. 

This is probably attributed to the fact that both the interfacial compressive stress and current density 

are concentrated near the pore edges. 

We then introduce θ as a parameter to indicate whether void formation exists on the interface, 

and it can be expressed as  

θ=log(∫ 𝐽𝑐𝑟𝑒𝑒𝑝
𝑙𝑜𝑐𝑎𝑙 𝑑𝑙/ ∫ 𝐽𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛

𝑙𝑜𝑐𝑎𝑙 𝑑𝑙
𝐿𝜒/2

−𝐿𝜒/2

𝐿𝜒/2

−𝐿𝜒/2
) (4) 

where Lx is the local length in the y-direction and the selection of Lχ can be found in Supporting 

Information S7 and Figure S7a. For example, if θ < 0, voids are formed and they may cause the contact 

loss at the Li/SE interface; otherwise, the initial contact interface is maintained and no void is formed. 

In addition, as shown in Figure S10, if we regard each valley or peak at the surface of SE as an irregular 

“pore”, then, the valley depth or peak height can be regard as the “Pdepth”, and the width of the valley 

or peak can be regard as the “Plength”. Based on above, the root-mean square roughness (RMS) and 

mean width of profile elements (RSm) are, respectively, roughly estimated via pore depth and pore 

length i.e., (RMS ≈ Pdepth and RSm ≈ Plength). 
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Figure 3i represents the map of void formation as a function of Plength and Pdepth. In general, θ 

increases when the pore is “shallow and narrow”. For example, when Pdepth < 2.5 μm and Plength < 0.5 

μm, the void formation is impeded. This suggests that the SE surface with a smaller RMS (<2.5 μm) 

and RSm (<0.5 μm) is favorable. However, when Pdepth >3.5 μm or Plength > 2 μm, the void will be formed 

at the interface. Hence, a larger RMS (>3.5 μm) or RSm (>2 μm) should be avoided as far as possible. 

Another interesting observation is that the pre-existing pores with a small length, Plength at the 

interface are desirable, while the influence of the pre-existing pore depth, Pdepth on void formation is 

relatively trivial. In other words, the oblate-shaped (Pshape=Pdepth/Plength=1) pre-existing pores more 

effectively impede void growth than the spindle-shaped (Pshape=3) pre-existing pores, which may be 

due to the higher compressive stress near the oblate-shaped pore edges than that of spindle-shaped 

pores (see Figure 3i bottom). 

Therefore, for increasing the interfacial contact during stripping, surface or interface engineering 

methods should be applied to make the Li/SE interface as flat as possible. For example, nano-polishing 

(reported by wang et al.[49]) can be used to effectively reduce the pore/defect length and obtain an 

ultra-flat surface for solid electrolyte. Surface corrosion and etching can also be applied to modified 

the surface morphology such as defect shape.[29] Also, other methods, including spin coating,[50] 

melting lithium,[51,52] interfacial modification,[53] etc. are used to enhance the physical and chemical 

contact and reduce the influence of the surface of SE. 

2.2.3. Effect of operation conditions on void formation 

To determine the effect of stack pressure and current density on the void formation, high-

throughput simulations are performed in this section. A current density in the range of 0.1 to 3.5 mA 

cm-2 and a stack pressure from 2 to 15 MPa are carefully chosen based on the reported 
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literature.[17,21,29,31],[18,38,45] The other simulation parameters and boundary/initial conditions can be 

found in Supporting Information S6 and Figure S6.  

Figure 4a and 4b show the dependence of the interfacial compressive stress on stack pressure and 

current density, respectively. As expected, it can be observed that the interfacial compressive stress 

and Jcreep increases with an increase of stack pressure (see Figure 4a). On the other hand, the effect of 

current density on the interfacial compressive stress and Jcreep is almost negligible (see Figure 4b). 

Figure 4c and 4d plot the dependence of the interfacial current density on stack pressure and current 

density respectively. Again, as expected, the interfacial current density is almost unchanged with the 

increase of stack pressure, while the dominator for the interfacial current density and Jmigration is the 

applied current density.  

To clarify the competition mechanism between vacancy fluxes, the quantities of integral Jcreep and 

Jmigration near the pore edges (i.e., along path AB, see Figure 3g) are compared in Figure 4e, which yields 

a map of void formation as a function of stack pressure and current density (Figure 4f). The pre-existing 

pore length, Plength, and pore depth, Pdepth, are set as 2 and 1 μm, respectively. The critical line (green 

dotted line) represents Jcreep being equal to Jmigration. Above the line, e.g., under a low stack pressure (< 

5MPa), when the applied current density is larger than 0.5 mA cm-2, Jmigration is larger than Jcreep, 

resulting in the formation of voids. While below the line, e.g., under a high stack pressure (>15MPa), 

Jcreep is sufficiently fast to move away the vacancies, even under the condition of the higher current 

density (2.0 ~ 3.5 mA cm-2). This means that void formation is impeded and the original contact surface 

is maintained. The experimental results available in the literature[18,22] are also plotted in Figure 4f, 

and a general consistency is observed. 
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Figure 4g further explores the impact of pre-existing pore length Plength (from 1 to 3 μm) on the 

map of void formation. It is observed that the critical line of the map of void formation is shifted down 

with the increase of Plength. It means that at the same conditions, the higher stack pressure or lower 

current density is necessary to impede void formation under a larger Plength. One potential reason is 

that the larger Plength presents a smaller interfacial compressive stress which is positively correlated to 

the Jcreep (see Equation 3). 

The map of void formation can inform whether the stack pressure sufficiently impedes void 

formation under realistic experimental operations. For example, the practical application of next 

generation SSBs[45,54] requires a current density higher than 2.5 mA cm-2. Thus, according to our map, 

the stack pressure should be larger than 12 MPa to impede the void formation, which is approximately 

observed in the experimental results.[55] However, a recent experiment shows that a very high stack 

pressure (75 MPa) leads to the mechanical shorting of the cell before any plating and stripping.[21] 

Therefore, the reasonable range of stack pressure to completely impede the void formation is from 

12 to 75 MPa. In addition, high stack pressure (>10 MPa) is achieved in some experimental works[21,56], 

however, for commercial-size battery (e.g., pouch cell), the application of high stack pressure remains 

a challenge. 

2.2.4. Interface mechanical stability window for different Li-SE systems 

To screen the SE systems with better interfacial mechanical stability, the effect of material 

properties (i.e., ionic conductivity and exchange current density) of SEs on the void formation behavior 

is extensively investigated. The stack pressure of 3 MPa and current density of 0.5 mA cm-2 (which are 

commonly used in experiments[17,18,22]) are applied with pore size Plength= Pdepth=2 μm. A typical range 

of the ionic conductivity (from 10-6 S cm-1 to 10-2 S cm-1)[57] and exchange current density (from 10-2 to 
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102 mA cm-2)[58–60] are considered in this study. The other simulation parameters and boundary/initial 

conditions can be found in Supporting Information S6 and Figure S6. 

Figure 5a and 5b show the dependence of the interfacial compressive stress on ionic conductivity 

and exchange current density respectively. It can be observed that the effect of the ionic conductivity 

on the interfacial compressive stress and Jcreep is almost negligible (see Figure 5a). On the other hand, 

the interfacial compressive stress near the pore edges increases with the increase of exchange current 

density (see Figure 5b), implying that Jcreep increases with increasing exchange current density. Figure 

5c and 5d plot the dependence of the interfacial current density on ionic conductivity and exchange 

current density, respectively. As expected, it can be observed that the interfacial current density and 

Jmigration decrease with the increase of the ionic conductivity (see Figure 5c), while they increase with 

the increase of the exchange current density (see Figure 5d), both of which are well-supported by 

recently reported work[29].  

To clarify the effect of the ionic conductivity and exchange current density on interfacial 

mechanical stability, the quantities of integral Jcreep and Jmigration near the pore edges (i.e., along path 

AB, see Figure 3g) are computed. The comparison of them yields a map of interfacial mechanical 

stability (θ) for different Li-SE systems as a function of ionic conductivity and exchange current density 

(Figure 5e). The dotted rectangles represent the typical range of ionic conductivity and exchange 

current density for different SEs, e.g., LPS (ionic conductivity[57,61,62] from ~10-5 to ~10-3 mS cm-1 and 

exchange current density[60,61] from ~0.2 to 20 mA cm-2) and LLZO (ionic conductivity[57,63,64] from ~10-

5 to ~10-3 mS cm-1 and exchange current density[58,64] from 0.04 to ~1 mA cm-2). The yellow and blue 

colors represent the high or low mechanical stability of the interface, respectively. If the dotted 

rectangle falls in the blue or white region, e.g., with a high exchange current (>10 mA cm-2) and low 
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ionic conductivity (<0.1 mS cm-1), Jmigration is much larger than Jcreep, resulting in a lower interfacial 

mechanical stability. While if it falls in the yellow region, e.g., with a low exchange current density (<5 

mA cm-2) and high ionic conductivity (>1.0 mS cm-1), Jcreep is close to the Jmigration, implying a high 

interfacial mechanical stability. This means that Jcreep > Jmigration is easily achieved. 

This window could give quantitative information on whether the fabricated SE is prone to maintain 

a more stable interface, and what are the SE’s ideal material properties. For example, the major part 

of the dotted rectangle of the LPS (glass-type) falls in the blue or white-colored region, indicating that 

it possesses lower interfacial mechanical stability. While LLZO (garnet-type) falls in the yellow-colored 

region and shows the potential to provide high interfacial stability compared to LPS, which is 

consistent with observations in the literature.[29,65] Furthermore, the map could also shed insight on 

the fabrication of the SEs with high interfacial mechanical stability to mitigate the void formation. 

2.3. Insights in void evolution and subsequent plating 

Figure 6 demonstrates insights into pore/void evolution and subsequent plating. On the one hand, 

if Jcreep < Jmigration, the pre-existing pore will grow, see Figure 6a and 6b. The red arrows represent the 

direction of pore growth, and their length represents the rate of the pore growth, which can be 

quantified as Jtotal where Jtotal = Jmigration + Jcreep. It can be found that the closer to the middle region of 

the pore, the shorter the length of the arrow, which can be explained by the fact that closer to the 

middle region, Jtotal is smaller, as shown in Figure S9. Jtotal is accentuated at the edge region of the pre-

existing pore, thus, the pore grows along the Li/SE interface. In other words, the pore grows faster in 

the direction of the pore length compared to the direction of pore depth, which is consistent with 

experimental observations.[18,55] To quantify the pore growth, we introduce the ratio: Plength/Pdepth, as 

defined in Figure 6e. The calculated value of Plength/Pdepth is 4.2, when the current density is 1.0 mA cm-
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2 and stack pressure is 3 MPa. Figure 6e also presents the experimental results of the Plength/Pdepth after 

stripping cycles,[18,55] which shows excellent agreement with our predictions. Moreover, for the 

subsequent plating, the current density is enhanced at the edge region of the pore, implying a large 

amount of Li+ moving for Li deposition. Thus, the dendrite nucleates at the edges of the pore as shown 

in Figure 6c. 

On the other hand, once Jcreep > Jmigration, Jtotal tends to move the vacancies away from the interface 

and towards the bulk Li metal, as shown in Figure 6d. Thus, there are no vacancies left at the interface, 

and consequently pore growth is suppressed. When Jcreep >> Jmigration, with respect to the creep 

deformation of Li metal, we speculate that the vacancy flux could reduce the volume of the pre-

existing pore and even annihilate the pore, along the direction of the red arrows. This can be explained 

by the fact that the Li atoms occupy the sites of the vacancies near pre-existing pore, especially along 

the direction of the edge region near the pore due to the electro-chemo-mechanical interplay at the 

interface. 

3. Conclusion 

In summary, we have developed a new general creep/contact electro-chemo-mechanical model 

to reveal the mechanisms of void formation during stripping. The creep-stress evolution of Li metal is 

calculated by introducing a novel FSI theory where the creep deformation is analogous to the 

incompressible viscous fluid flow. Firstly, a one-dimensional model with the ideal flat Li/SE interface 

is formulated out to clarify the competition between Jdiffusion and Jmigration during void formation. 

Meanwhile, for the non-ideal Li/SE interface, the effects of pre-existing defect features (e.g., pore 

length and pore depth) on the void formation are comprehensively investigated. Our results 

demonstrate that the dominant mechanism to impede void formation is the creep-induced flux 
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enhancement of vacancies transported into Li metal for a non-ideal Li/SE interface with pre-existing 

defects, which contrasts with the mechanism on the ideal flat Li/SE interface in which the vacancy 

diffusion away from the interface governs whether a void is formed.  

Then, to determine the preferred stack pressure that could impede the void formation under 

different requirements, we further explore the competitive influences between stack pressure and 

current density on void formation at the non-ideal Li/SE interface with pre-existing defects, yielding a 

map which can inform whether the stack pressure sufficiently impedes the void formation. The map 

suggests that the preferred stack pressure should be higher than 12 MPa to maintain relatively 

intimate interfacial contact at a widely used current density (e.g., 2 ~ 3 mA cm-2). Further, we found 

that the pre-existing pore size can shift downward the critical line in the map of void formation. 

Lastly, we perform high-throughput simulations to draw an interfacial mechanical stability 

window that provides quantitative information on how the interplay between ionic conductivity and 

exchange current density influence the Li/SE interfacial mechanical stability. The window can give an 

idea of what intrinsic SE properties might lead to high interfacial mechanical stability as well as what 

type of SEs (e.g., LLZO) might present a more stable interface. Further experiments can be feasibly 

designed to verify this approach. We hope this fundamental and quantitative understanding of void 

formation mechanism will help accelerate the rational design of SSBs. 
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Figure caption: 

Figure 1 | Scenario I: ideal flat Li/SE interface. (a) Schematic illustration of three fluxes which are 

presented during the void formation at the interface: Jmigration, Jdiffusion and Jcreep. (b) Schematic 

illustration of the competing mechanism of the void formation by Jmigration and Jdiffusion at the ideal flat 

Li/SE interface. (c) The comparison between the quantities of Jmigration and Jdiffusion. 

Figure 2 | Scenario II: non-ideal Li/SE interface with pre-existing defects. (a) A smaller Jdiffusion is 

presented due to the vacancy trapped/absorbed at the surface of pre-existing defects, leading to 

Jmigration > Jdiffusion which is not fast enough to transport the interfacial vacancies into the bulk Li metal 

and the void is formed. (b) If applying a sufficiently high stack pressure, Jcreep is higher than Jmigration, 

meanwhile, the vacancies are transported away from the interface and into the bulk Li metal and the 

void formation is impeded. (c) The plot of the energy barrier against the diffusion coordinate for the 
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vacancy diffusion under the contribution of the dislocation induced by the stack pressure. (d) The 

comparison between the quantity of Jmigration, Jcreep, and Jdiffusion. (e) The calculated compressive stress 

at Li/SE interface as the function of stack pressure, at the current density of 0.5 mA cm-2 (red square) 

together with the reported interfacial compressive stress in literatures, Chen et al.[28] (yellow 

hexagon), Zhang et al.[31] (blue triangle), Tu et al.[29] (pink circle), He et al.[30] (green star) and Zhang et 

al.[27] (black rhombus). (f) The plot of the calibrated Jcreep as a function of stack pressure (blue) together 

with the reported Jcreep in literatures, M.J. Wang et al.[22] (green rhombuses) and J. Kasemchainan et 

al.[18] (pink circles). 

Figure 3 | Effect of pre-existing defects on void formation. Distributions of the interfacial compressive 

stress along path AB at the Li/SE interface (a) at various pore lengths, Plength by keeping Pdepth=Plength 

and (b) at different pore depths, Pdepth by keeping a constant Plength (2 μm), where the insert shows the 

displacement rate for the corresponding cases. Distributions of the interfacial current density along 

path AB at (c) various Plength and (d) Pdepth cases, and the corresponding potential gradient along path 

AB is shown in (e) and (f) respectively. (g) Schematic showing the definition of Plength, Pdepth and path 

AB. (h) The spatial distributions of Jcreep and Jmigraiton in a Li/SE system with pre-existing pore of 

Plength=Pdepth=2 μm. The direction of Jcreep and Jmigration are represented by the white and black arrows, 

respectively. (i) A map of void formation as a function of pore length and pore depth. The green dotted 

line (transition line) shows critical Plength/Pdepth to impede the void formation. Black and orange 

rhombuses represent the oblate- and spindle-shaped pores respectively. 

Figure 4 | Effect of operation conditions on void formation. Distributions of the interfacial 

compressive stress along path AB at the Li/SE interface at (a) various stack pressures subjected to a 

current density of 0.5 mA cm-2, and (b) various current densities subjected to a stack pressure of 3 
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MPa. The corresponding distributions of the interfacial current density are plotted in (c) and (d) 

respectively. (e) Comparison between the integral of Jcreep (i.e., ∫ 𝐽𝑐𝑟𝑒𝑒𝑝
𝑙𝑜𝑐𝑎𝑙 𝑑𝑙

𝐿𝜒/2

−𝐿𝜒/2
) and Jmigration (i.e., 

∫ 𝐽𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛
𝑙𝑜𝑐𝑎𝑙 𝑑𝑙

𝐿𝜒/2

−𝐿𝜒/2
) near the pore edges. (f) A map of void formation as a function of stack pressure 

and current density. The green dotted line (transition line) shows critical stack pressure/current 

density for void formation. The purple circles represent the experimental reported results.[18,22] (g) 

Impact of pre-existing pore length Plength on the map of void formation. 

Figure 5 | Interface mechanical stability window for different Li-SE systems. Distributions of the 

interfacial compressive stress along path AB at the Li/SE interface at (a) various ionic conductivities 

with an exchange current density of 0.24 mA cm-2, and (b) different exchange current densities with a 

constant ionic conductivity of 0.26 mS cm-1. The corresponding distributions of the interfacial current 

density are plotted in (c) and (d) respectively. (e) The interface mechanical stability window against 

ionic conductivity and exchange current density for different Li-SE systems, with stack pressure of 3 

MPa and current density of 0.5 mA cm-2 and Plength=Pdepth=2 μm. The dotted rectangles represent the 

typical range of ionic conductivity and exchange current density for different SEs. 

Figure 6 | Insights of the pore evolution and subsequent plating. (a) Schematic diagram of the initial 

interfacial geometry between Li metal and SE. (b) When Jcreep < Jmigration, the tendency of the pore 

growth is described by the direction and length of the red arrows. (c) On subsequent plating, the Li 

dendrite nucleates at the edges of the pore. (d) Schematic diagram of the pore annihilation. (e) The 

comparison of the calculated Plength/Pdepth for the case of pore growth with the reported Plength/Pdepth in 

literatures, D Spencer Jolly et al.[55] and J Kasemchainan et al.[18]. 
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Short Summary 

Void formation mechanism at Li/solid-electrolyte interface is revealed through the 

creep/contact electro-chemo-mechanical model. The dominant mechanism that impedes void 

formation is the creep stress-induced flux enhancement of vacancies, which are transported into Li-

metal for non-ideal interface with defects. This contrasts with the mechanism on ideal flat interface 

in which the vacancy diffusion away from the interface governs void formation. 
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