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C H E M I S T R Y

The void formation behaviors in working solid-state 
Li metal batteries
Yang Lu1, Chen-Zi Zhao1,2, Jiang-Kui Hu3, Shuo Sun1, Hong Yuan3, Zhong-Heng Fu1, Xiang Chen1, 
Jia-Qi Huang3, Minggao Ouyang2, Qiang Zhang1*

The fundamental understanding of the elusive evolution behavior of the buried solid-solid interfaces is the major 
barrier to exploring solid-state electrochemical devices. Here, we uncover the interfacial void evolution principles 
in solid-state batteries, build a solid-state void nucleation and growth model, and make an analogy with the bubble 
formation in liquid phases. In solid-state lithium metal batteries, the lithium stripping–induced interfacial void 
formation determines the morphological instabilities that result in battery failure. The void-induced contact loss 
processes are quantified in a phase diagram under wide current densities ranging from 1.0 to 10.0 milliamperes 
per square centimeter by rational electrochemistry calculations. The in situ–visualized morphological evolutions 
reveal the microscopic features of void defects under different stripping circumstances. The electrochemical- 
morphological relationship helps to elucidate the current density– and areal capacity–dependent void nucleation 
and growth mechanisms, which affords fresh insights on understanding and designing solid-solid interfaces for 
advanced solid-state batteries.

INTRODUCTION
Solid-state batteries are promising candidates for next-generation 
batteries, which use highly safe solid-state electrolytes (SSEs) to avoid 
the potential combustion risk derived from organic liquid electro-
lytes (1–4). Using Li metal anodes can realize a breakthrough in energy 
density (5). However, there are various anodic failures in solid-state 
batteries including severe contact loss and dendrite penetration, 
especially when operating at a high current density (>3 mA cm−2) 
with a high areal capacity (>3 mA·hour cm−2) (6). The anodic Li 
kinetic processes at the solid-solid interfaces dominate the failure of 
working batteries (7, 8). The basic Li kinetic processes at the Li metal/
SSE interfaces include Li-ion transport, interfacial charge transfer, 
the Li adatom, and vacancy diffusion (9, 10). Because of the extremely 
low intrinsic diffusion coefficient (<10−11 cm2 s−1) (11–13), the Li 
stripping–derived Li vacancies cannot be completely replenished and 
are accumulated as the Li voids neighboring interfaces (14, 15). 
Therefore, the Li vacancy diffusion is the rate-determining step for 
dynamic evolution of interfacial morphology (16).

The anodic void accumulation is one of the most notable trig-
gers for the rapid failure of solid-state batteries. The Li void accu-
mulation will gradually degrade the interfacial contacts that lead to 
the increased local current density and accelerate the subsequent Li 
plating at solid-solid interfaces until the dendrite failure (17–19). On 
one hand, the remained contact areas are bearing much-increased 
local current density because of void formation, resulting in lithium 
metal accumulation and harmful Li dendrite growth. On the other 
hand, solid-state Li metal batteries (SSLMBs) are operated at various 
current densities and capacities in practical situations, which generate 
various morphological characteristics of Li interfaces (20). Li voids 
produced in high-rate cycling accumulate rapidly, separating anodes 
and SSEs and leading to extremely high interfacial impedance (“contact 

loss” phenomena) (21). Those phenomena are frequent in high current 
density (>1 mA cm−2) and high-capacity situations (>3 mA·hour cm−2), 
but the interfacial features and reversibility are unpredictable and 
uncontrollable yet. The key issue is the elusive interfacial Li void 
production and evolution mechanism, which require in-depth inter-
pretation. Unraveling the interfacial anodic Li void formation and 
growth mechanism comprehensively not only can interpret the un-
known Li void evolved interfacial failure mechanisms but also sup-
ports the related strategy designs in working batteries.

The Li void accumulation induces interfacial morphological evo-
lution. There are few direct and quantitative studies on evolution 
kinetics at practical current densities and capacities. Some powerful 
methods such as synchrotron x-ray computed tomography or solid- 
state nuclear magnetic resonance can help to evaluate the void-induced 
contact loss and dendrite failures in a nondestructive way (22–27). 
Considering the buried Li/SSE interfaces, the observations still con-
front dilemmas (28), where the resolution is insufficient to unravel 
the key morphological features of voids. While the electrochemical 
impedance spectra (EIS) help to quantify the contact loss with the 
increased charge transfer impedance of the Li/SSE interface (29). The 
impedance is in reverse ratio with the active area (10, 30). The void 
accumulations can also be demonstrated by density functional theory 
(DFT) calculations (31), molecular dynamics simulations, and ki-
netic Monte Carlo simulations (32, 33). Consequently, on one hand, 
the void formation and accumulation processes should be quanti-
fied at different electrochemistry conditions to imitate various appli-
cation scenarios. On the other hand, high-resolution observations 
toward microscopic morphological features under different stripping 
circumstances are also essential to building a direct connection be-
tween electrochemistry and morphological evolution. To provide a 
comprehensive understanding, the Li void evolution should be 
observed and quantitatively analyzed in multiple scales.

In this contribution, we elucidated the interfacial Li void forma-
tion and evolution mechanism in solid-state batteries by multiscale 
observations and quantifications. We draw an analogy between Li 
void behaviors and the bubble production processes in liquid phases 
to understand the Li void formation and growth mechanisms (Fig. 1). 

1Beijing Key Laboratory of Green Chemical Reaction Engineering and Technology, 
Department of Chemical Engineering, Tsinghua University, Beijing 100084, China. 
2State Key Laboratory of Automotive Safety and Energy, School of Vehicle and 
Mobility, Tsinghua University, Beijing 100084, China. 3Advanced Research Institute 
of Multidisciplinary Science, Beijing Institute of Technology, Beijing 100081, China.
*Corresponding author. Email: zhang-qiang@mails.tsinghua.edu.cn

Copyright © 2022 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution 
NonCommercial 
License 4.0 (CC BY-NC).

D
ow

nloaded from
 https://w

w
w

.science.org on N
ovem

ber 10, 2022

mailto:zhang-qiang@mails.tsinghua.edu.cn


Lu et al., Sci. Adv. 8, eadd0510 (2022)     9 November 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 12

Considering the nucleation and growth theory, if we treat the bulk 
Li metal as a “solution,” then the voids can be seen as “bubbles” in 
it. After the voids are formed at the interfaces due to the Li stripping, 
the voids will diffuse into the bulk Li because of the intrinsic void 
diffusion, which is just like the “bubble floating.” The diffusion co-
efficient can be regarded as “floating rate.” Under the high current 
density, the “void bubbles” will be formed rapidly. Because the floating 
rate of the bubbles is fixed, the void bubbles will accumulate at the 
interfaces. The Li void formation phenomena are unraveled by macro-
scopic electrochemistry quantifications, multiscale microscopic ob-
servations, and atomic DFT analyses. At macroscopic view, the in 
situ galvanostatic electrochemical impedance spectroscopy (GEIS) 
and the distribution of relaxation time (DRT) are applied to quantify 
the interfacial contact loss process induced by different current den-
sities and capacities. The microscopic morphological feature and 
evolution processes are observed by plasma focused ion beam–
equipped scanning electron microscope (PFIB-SEM) and operando 
optical observations. Combining with nucleation and growth theory, 
the void nucleation size and distribution density are determined by 
current density, and the void growth exhibits a zero-dimensional 
(0D) to 3D evolution driven by the atomic energy increase after strip-
ping forming regular porous size. The void formation kinetics are 
highly dependent on the current densities and capacities. Regulating 

the void nucleation and growth plays a vital role in stabilizing the 
interfaces of SSLMBs in different application scenarios.

RESULTS
The interfacial contact loss of Li/SSE is recorded by operando GEIS 
in a Li-Li7P3S11-In half cell. Li-In works as the counter and the refer-
ence electrode to distinguish the single Li stripping kinetics. Because 
of the stable lithiation potential and low charge transfer impedance 
of Li-In alloys, the battery degradation of polarization and internal 
impedance can be mainly attributed to the stripped Li/SSE interfaces. 
The single Li stripping processes can be distinguished by evaluating 
the Li-Li7P3S11-In half cells.

Quantification on the contact loss
The total impedance evolutions and quantification of the Li-Li7P3S11- 
In half cells are displayed in Fig. 2. The exhibited GEIS is evaluated 
from 1 to 10 mA cm−2, and the related impedances are measured with 
a capacity interval of 0.5 mA cm−2. The GEIS measured at the cur-
rent density of 1, 2, 5, and 10 mA cm−2 is displayed in Fig. 2 (A to D), 
respectively. The voltage-time and voltage-capacity curves evaluated 
at different current densities are displayed in fig. S1. These half cells 
will fail once the open circuit exhibits a voltage of <−1.0 V versus Li/Li+. 

Fig. 1. Schematic shows the interfacial Li void behaviors and Li void nucleation and growth phenomena. Li voids form during Li stripping processes. The diffusion 
of the Li voids can retard the void accumulations. The Li void kinetics at the interface and Li metal can be demonstrated as bubbles in the “liquids.” Different current 
densities (CD) will lead to various void formation processes. Low current density will lead to large critical void nuclei and slow void growth with highly effective areal 
stripping capacities. High current density induces more void nucleuses sites with small sizes. The voids grow fast, resulting in rapid contact loss in the porous Li metal.
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There is a continuous increase of impedance during the Li stripping. 
The initial impedances remain stable at ~80 ohms for all samples. The 
impedance can remain less than 150 ohms until 5.0 mA·hour cm−2 
at 1.0 mA cm−2 (Fig. 2A). The subsequent impedance will markedly 
increase to hundreds of ohms (fig. S2). The “effective capacity” is 
the total stripping capacity during the stripping test until the cutoff 
voltage (−2 V). The effective capacities for Li stripping at increased 
capacity will reduce from 4.0, 3.0, to 2.0 mA·hour cm−2 at the current 
density of 2.0, 5.0, and 10.0 mA cm−2, respectively (Fig. 2, B to D). 
The impedance increasing rates also exhibit discrepancy with in-
creased current density. The impedance of this battery is composed 
of the intrinsic ohm impedance, the SSE grain boundary impedance 
(RGB), the Li/SSE interfacial impedance (RLi/SSE), the possible solid- 
state interphase impedance (RSEI), and the indium-involved lithia-
tion kinetics impedance (RLi-In), which is displayed in fig. S3A. The 
battery-involved RGB, RIn, and RLi/SSE simultaneously depended on 

the active area. The DRT technique is involved in profound analy-
ses of the EIS profiles in this contribution.

The DRT of the GEIS results (Fig. 2, A  to D) are displayed in 
Fig. 2 (E to H), respectively. Each relaxation time  in the DRT plot 
represents the specific electrochemical process (34, 35). The impedance 
can be separated from a single peak at  = 10−6 s, which represents 
the grain boundary response (36). The  from 10−4 to 1 s demon-
strates the kinetics of the Li metal and the In lithiation (fig. S3B). It 
is hard to distribute the kinetic discrepancy with a low stripped Li 
content (<2 mA·hour cm−2). However, the grain boundary impedances 
of SSEs (RGB,  = 10−6 s) deliver continuous evolutions with the rise 
of Li stripping. Meanwhile, all DRT peaks increase simultaneously 
at the end of the Li stripping stages (increased intensity in the con-
tours). In contrast, the Li stripping in Li-In symmetric cells exhibits 
another character on impedance evolution. The impedance at high 
frequency (106 to 105 Hz) still remains stable with a high Li stripping 

Fig. 2. GEIS evaluation for Li half batteries during Li stripping process. The EIS recorded at the current density of (A) 1 mA cm−2, (B) 2 mA cm−2, (C) 5 mA cm−2, and 
(D) 10 mA cm−2 and (E to H) corresponding DRT transition result of (A) to (D), respectively. The color evolution in the legends of (A) to (D) from red to purple represents 
the increased stripping capacity from low to high during the EIS measurement. Rct, charge transfer impedence. The quantified contour type of areal capacity–current 
density contact loss phase diagram is exhibited at (I) local current density view and (J) active contact area view.
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capacity (>5 mA·hour cm−2; fig. S4), and the corresponding DRT peak 
at 10−6 s remains stable. The alloy can maintain the interfacial contacts, 
avoiding the contact loss derived from the void accumulation. Consid-
ering the basic equation of  R =  L _ S    (where  is resistivity, L is length, 
and S is area), those phenomena demonstrate that a Li stripping–induced 
factor will lead to the proportional rise on the total impedance, which 
is attributed to the reduced anodic active area. It is concluded that the 
RGB can be separated and is independent on the dynamic electrochemical 
processes, which is appropriate to interpret the anodic contact loss.

The Li stripping will result in anodic contact loss. Li metal works 
as a current collector at a single side. Hence, the total impedance of 
a half cell will be determined by the contact loss. A simple equiva-
lent calculation helps to quantify the contact loss (fig. S5). Here, the 
initial active area is the circle with a diameter of b, and the active area 
after Li stripping is equivalent to an imaginary circle with a diame-
ter of a (fig. S6). The SSE impedance can be separated from the total 
impedance. As calculated, the SSE impedance after Li stripping (Rstrip) 
is    L _ 
ab  . The mathematic deduction process for the impedance is pro-

vided in the Supplementary Materials. Hence, the local current density 
ratio after Li stripping is defined as    I  local   _  I  real     =   S  initial   _  S  active     =   (      R  active   _  R  initial    )     2  , which 
quantifies the contact loss. Here, we quantified the RGB evolution in 
continuous Li stripping at a current density of 1 to 10 mA cm−2 and 
drew the contour phase diagrams (Fig. 2I) with parameters of cur-
rent density, capacity, and the local current density ratio. The EIS 
quantified by DRT exhibits similar accuracy compared with con-
ventional evaluation (fig. S7). The intensity color distinguishes the 
interfacial stability of red as a stable region with a small local cur-
rent density ratio of less than 2.75, transition region with color from 
orange to light blue delivering the ratio from 3 to 12, and the blue 
region of failure with a ratio of more than 15. The residual active 
contact area ratio is defined as     S  active   _  S  initial  

  . This area ratio can directly ex-
hibit the contact loss phenomena. Hence, the relationship among 
current density, stripped capacity, and the active area ratio is visual-
ized in Fig. 2J. The red region is the stable region with an active area 
of >80%. The active contact degradation from 70 to 30% presents 
the transition from stable stripping to contact loss failure.

Multiscale observation toward contact loss
The phase diagram in Fig. 2J displays the contact loss from a mac-
roscopic view. Briefly, the macroscopic phenomena are accumulated 
from the microscopic evolutions. The phase diagram exhibits three 
dimensions demonstrating the contact loss including the current 
density, the capacity, and the transition boundary. These are key 
factors unraveled by the phase diagram and deliver specific micro-
scopic characters, which can analyze the Li stripping kinetics mech-
anism. The Li stripping–induced morphological evolution is multiscale 
monitored (Fig. 3). The stripping current densities are 0.5 mA cm−2 
for operando optical observations and 1 mA cm−2 for ex situ obser-
vation by PFIB-SEM. The operando optical method provides the 
contact loss evolution at a length scale of hundreds of micrometers. 
However, the observation area of operando optical facilities is restricted 
on the outside boundary. The internal morphological features cannot 
be acquired in a detailed length scale. The PFIB-SEM can realize a 
high-resolution observation for the internal buried interfaces by cutting 
a smooth interfacial cross section. The PFIB-SEM uses the inert Xe+ 
as milling source, which can significantly increase the milling effi-
ciency and avoid strong radiation damage of Li metal (37, 38), which 
can acquire smooth morphology after milling at room temperature 
as that milled by cryo-FIB (fig. S8) (39).

The operando optical observation describes the contact loss phe-
nomena at the submacroscopic scale. The schematic of the optical 
observation is displayed in Fig. 3A. The outside boundary is the 
restricted area for observations. The triple layers of Li metal foils, 
SSEs, and current collectors can be detected. At the initial discharge 
stages, no obvious change can be observed (0 to 0.67 mA·hour cm−2/
initial to 80 min of Li stripping). After continuous Li stripping for 
0.83 to 1.17 mA·hour cm−2/100 to 140 min, the point defects exhibit 
an obvious extension (arrow), and some continuous voids are also 
enlarged with increased point defects (dashed circle). The interface 
exhibits a gradual overall separation at the final stages of 1.33 to 
1.67 mA·hour cm−2/160 to 200 min (dashed line).

The detailed void morphology features are observed by PFIB-SEM 
samples in standard model cells. The schematic illustration of the 
PFIB-SEM method for evaluating the void morphology is displayed 
in Fig. 3B. Li-In alloy as a counter electrode has a stable potential 
(0.62 V versus Li/Li+) for continuous lithiation. The polarization 
changes can be attributed to the kinetics of Li metal stripping. The 
relationship between void evolution and discharge curve for Li strip-
ping is displayed in Fig. 3C. The initial interfacial status before Li 
stripping exhibits intimate contact. Almost no void or defect can be 
found. Once the Li stripping starts, 0D small defects (1 to 2 m) will 
emerge with a Li stripped capacity of 1.0 mA·hour cm−2, where the 
major interfacial contacts still remain. Then, defects exhibit a 2D 
extension with a rising capacity to 2.0 mA·hour cm−2. The polariza-
tion remains stable as a flat plateau. It proves that the defects incline 
to be initially formed at areas adjoined interfaces. Subsequently, a 3D 
development for the interfacial voids is detected (3.0 mA·hour cm−2). 
The interfacial defects are completely interconnected and widened 
as obvious cracks. The residual interfacial Li is inclined to pulverize. 
The polarization has exhibited a declined tendency (−0.05 V versus 
Li/Li+). Last, the Li metal and the SSEs are almost separated at a 
capacity of 4 mA·hour cm−2. The polarization shows the synchro-
nous increase (−0.10 V versus Li/Li+). The increased polarization is 
consistent with the impedance results. The void accumulation de-
livers a basic development principle of the emerging 0D defects, the 
2D extension of defects, the interconnection of the 2D defects, and 
the final 3D expansion–induced complete contact loss.

The plane distribution of vacancies is demonstrated in Fig. 4. 
Virtually, after fully Li stripping, the residual interfacial Li metal has 
proved the inhomogeneous Li stripping (fig. S9). To exhibit the plane 
overview of the distribution of interfacial defects, the time-of-flight 
secondary ion mass spectrometry (TOF-SIMS) is used to unravel the 
interfacial characteristics from the top view. Figure 4A illustrates 
the measurement process, in which each frame for TOF-SIMS sam-
pling will strip a layer of lithium and will be collected by the SIMS 
receiver. It can reflect the Li distribution, get rid of the upward dense 
lithium, and expose and capture the interfacial defects cooperat-
ing with SEM. The sampling process can also help to expose the 
Li morphology adjoining the interfaces underneath. The total 
sampling intensity can distinguish the dense Li and the voids (fig. S10). 
As displayed in Fig. 4B, compared with the SEM image (fig. S11), 
the TOF-SIMS for bulk Li exhibits the overview element distribu-
tion of the Li from the top view and the side view. The P and S signal 
of Fig. 4B is displayed in fig. S12. The color bar shows the intensity 
of the Li signal in the figures. The red area indicates a high relative 
Li signal intensity, which represents the existence of Li metal. The 
yellow or green area represents the reduced Li signal intensity, 
representing the porous Li with voids. The blue represents the low 
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relative Li signal intensity, which presents the voids or the absence 
of Li metal. The upward dense Li exhibits strong intensity. The in-
depth view of the weak Li intensity indicates Li depletion/void accu-
mulation at the working interfaces. Then, the inner morphologies 
underneath dense Li are unraveled by TOF-SIMS with different 
frames. The influence of possible radiation damage toward Li mor-
phology during TOF-SIMS evaluation can be neglected when the beam 
current is less than 1 nA (fig. S13). After continuous TOF-SIMS 
sampling, the upward dense Li has obviously been removed, and the 
porous morphologies are gradually exposed (TOF-SIMS stripped for 
150 to 300 frames), proving the porous and pulverized morphology 
distribution after continuous Li discharge (Fig. 4C), which exhibit 
similar morphology characteristics at a cross-sectional view.

Current density induced Li voids
Different defect characters are highly dependent on the applied cur-
rent densities. The defects are evaluated from three views. The first 
view is derived from the cross section of a fixed stripping capacity of 
2.0 mA·hour cm−2 with different current densities (1 to 10 mA cm−2; 
Fig. 5A). The cross sections are captured by PFIB-SEM. The low 
current density (1 mA cm−2) is inclined to form a concentrated de-
fect of nearly 10 m, which can be foreseen from the void growth 
from a single nucleus. The dispersed defects with smaller sizes can be 
achieved with the rise of current densities, which can be estimated 

from the growth of multiple void nuclei. The capacity of 2 mA cm−2 
will form a mixed defects style of a concentrated point defect (2 to 3 m) 
and extended defects. The defect size in 5 mA cm−2 will be subse-
quently reduced from ~400 nm to 1 m. The extremely high current 
density of 10 mA cm−2 will directly result in fine microscopic pores 
in working Li metal anodes.

The second view is the Li stripping depletion morphologies, which 
are also measured at 1 to 10 mA cm−2 (Fig. 5B). The low current den-
sity (1 mA cm−2) induces continuous contact loss. The porous contact 
loss depletion morphology is observed when a large current density 
is applied. The porous size will shrink with the rise of current den-
sities. The morphology degradation is exacerbated into tiny pores 
with a size of <500 nm at a depletion of 10 mA cm−2. The third view 
is the top view of residual Li on the SSEs after Li stripping depletion 
(Fig. 5C), which can directly reflect the real status of the contact loss 
depletion, contributing to demonstrating the Li void growth processes. 
The residual Li will be automatically separated to observe the sur-
face of Li metal; clear “holes” remain on the Li metal surface (fig. S14). 
The Li stripping depletion can be demonstrated by the morphological 
features of the holes on the Li metal with different current densities 
(1 to 10 mA cm−2; Fig. 5C). The hole can magically form a pentagon 
or hexagon porous network. The average sizes (r) of Li stripping 
depletion holes gradually reduced from 4.1, 2.4, 0.9, and 0.4 m 
with current densities of 1, 2, 5, and 10 mA cm−2, respectively. The 

Fig. 3. Multiscale observations toward interfacial Li voids during Li stripping. (A) Operando optical observations for Li/SSE interfaces during continuous Li stripping 
at a current density of 0.5 mA cm−2. Scale bar, 50 m. (B) The schematic of the ex situ FIB-SEM method for detecting the interfacial evolution after Li stripping. (C) The 
polarization curve of Li-Li7P3S11-In half cell, where the interfacial morphological evolution during continuous Li stripping is measured at 1 mA cm−2. The polarization de-
crease during Li stripping validates the interfacial Li depletion.

D
ow

nloaded from
 https://w

w
w

.science.org on N
ovem

ber 10, 2022



Lu et al., Sci. Adv. 8, eadd0510 (2022)     9 November 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

6 of 12

homogenous size distributions of the void frameworks are further 
validated by SEM images (fig. S15). The interpretation toward the 
formation process of the regular Li framework can support the void 
growth mechanism. Although the Li depletion voids exhibit the 
shape of pentagons or hexagons, the Li depletion morphology is not 
related to the intrinsic Li grain size. As evaluated by electron back-
scattered diffraction (EBSD), the Li metal grain sizes are estimated 
as >100 m (fig. S16), which exhibit obvious discrepancy with those 
of the Li voids (<10 m). The Li networks are detected in the failed 
Li metal. Hence, the sizes of the networks are called critical sizes, 
which are the smaller unit of failure Li voids after stripping.

DISCUSSION
Void nucleation and growth mechanism
The Li void framework morphology can be interpreted by nucleation 
and growth theory. Briefly, the void size and their distributions are 
depended on the applied current density. Low current density results 

in few void nuclei with large sizes, high current density renders more 
void nuclei with small sizes, and then the void nuclei with different 
sizes will grow up into “void grains” (Fig. 5D). The detailed mecha-
nisms are further inferred below.

Stage I void nucleation
The microscopic evolution is attributed to the energy evolution of 
interfacial Li atoms after Li stripping. The out-of-balance flux leads 
to the void appearance. If we treat lithium as a “solvent,” then the 
fresh voids can be seen as a “deposited fresh phase” (40). The nucleation 
theory is further extended to describe void accumulation processes. 
The driven force for the void nucleation also derives from the inter-
facial overpotential (). Consequently, the nucleation barrier (∆Gv) 
relationship between current density (i), area-specific impedance (Rs), 
and the critical radius of the voids nucleus (rcrit) can be expressed as 
Eq. 1 (41–43)

  ∆ G  v   = −   F ─  V  m     = −   Fi  R  s   ─  V  m      (1)

Fig. 4. The TOF-SIMS analysis from the bulk Li metal to the interfaces. (A) Schematic shows the mechanism toward TOF-SIMS method on analyzing the Li metal on 
the interfaces. (B) The top and depth view on Li intensity distribution of Li metal by complete TOF-SIMS imaging compared with the SEM cross-sectional images. The 
color bars from red to blue of the TOF-SIMS images represent the Li intensity from high to low. (C) The morphology evolution of Li after 150 and 300 frames by TOF-SIMS 
Li stripping, which displays the morphological features from the bulk to the interfaces.
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   r  crit   =∣  2   Li   ─ ∆  G  v  
  ∣∝   1 ─ i    (2)

where F is the Faraday constant. Vm means the molar volume of lithium 
metal. Li is the specific surface energy of lithium metal. It is seen that 
the contact area (area-specific impedance) also controls the interfacial 
Li kinetics.

Hence, it is concluded that the critical radius of the Li void nucleus 
is in the reverse ratio of applied current densities (Eq. 2), which is 
consistent with our experimental evaluations of the linear relationship 

between 1/r and the current densities (Fig. 5E). The typical void 
nucleus is displayed in fig. S17, which is difficult to capture for direct 
observations at the initial stages.

Stage II void growth
The void growth process includes two processes: void nucleation 
and void growth. The new voids nucleate at the initial stage, and 
the formed new vacancies attach to the void nuclei exhibiting the 
growth process.

Fig. 5. The microscopic characters and quantification relationship of interfacial defects. (A) The cross section of the defects formed at a fixed capacity of 2 mA·hour 
cm−2 with a current density of 1 to 10 mA cm−2. (B) The cross section of the contact loss failure derived from the Li stripping depletion. (C) The morphology of residual Li 
at the top view after the complete Li stripping. (D) The schematic shows the void formation process at the top view with low and high current density. (E) The relationship 
between average void sizes and the current density. (F) The relationship among contact depletion time, contact loss rate, and the adopted current density.
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The void growth rate Vvoid can also be written as Eq. 3 (44). The 
detailed deduction is provided in the Supplementary Materials

   V  void   =   n  new voids    S  nucleus    (3)

   v =    0   exp (   −   ∆  G  m   ─ RT   )     (4)

   n  new voids   ∝  J  v   − J ≈   i ─ F    (5)

   S  nucleus   ∝ i  (6)

where the nnew voids represents the number of new voids derived from 
the Li stripping and the Snucleus represents the specific surface area 
of nuclei (Eq. 3).  represents the collision frequency among the 
new voids with the void nuclei, and ∆Gm represents the migration 
energy of the vacancies (Eq. 4). R and T mean the ideal gas constant 
and temperature, respectively. Jv means the Li void flux derived from 
current loading, and J means the intrinsic void diffusion flux. i is the 
current loading, and F is the Faraday constant (Eq. 5).

Hence, the growth rate is in proportion to i2 at the same tem-
perature. The new voids are determined by current density i as shown 
in Eq. 5, and the total specific surface area of the void nucleus is also 
proportional to the current density i (Eq. 6 and Supplementary 
Materials). The detailed deduction is provided in the Supplementary 
Materials. The theoretical conclusion is consistent with our experi-
mental result evaluated by calculating the depletion time during the 
Li stripping (Fig. 5F).

Stage III failure
The interfacial Li cannot replenish the void accumulation at the final 
stripping stage. The growth direction of the void will be extended 
from horizontal growth along with the interface (XY axis, 2D growth) 
to vertical growth (Z axis, 3D growth).

During the void growth stage, it is inclined to follow the linear 
growth along with the interfaces due to the location position. The 
line growth rate (  dr _ dt   ) can be written as Eq. 7

     dr ─ dt   =  exp 
(

  −   
∆  G  a   + ∆ g

 ─  k  B   T
   

)
   =  exp 

(
  −   

−  Fi  R  s   _  V  m     + l · ∆  g  l  
 ─  k  B   T

   
)

     (7)

where  is the amount of the void per area, ∆Ga is the driven force 
for void formation, ∆g is the void migration barrier from other sites, 
l is the void migration distance, ∆gl is the migration barrier per unit 
distance, and  is the vibration frequency. Hence, the 2D extension 
dominates the total growth of the void along with the interface at 
this stage. The high current density will result in the void collision 
probability, which reflects in a porous structure.

Considering the advantages of Li0 surficial diffusion (4 × 10−7 cm2 s−1) 
over the bulk vacancy diffusion (10−11 cm2 s−1) (45), the vertical growth 
of voids is completely derived from the intrinsic adatom replenish-
ment. The growth rate is directly related to the adatom energy. There-
fore, we construct the Li/Li2S model to evaluate the energy change 
of the interfacial atomic energy after the injection of the voids. As 
displayed in Fig. 6A, the interfacial Li atomic energy is basically 
homogeneous before the void injection. If a void is injected into the 
interface, then the Li atomic energy begins to fluctuate. With the 
continuous void injection, on one hand, the atom will concentrate 
at the defect area. On the other hand, the interfacial energy of these 

atoms is increased, and with the accumulation of the voids, the 
atomic energy will be continuously increased (∆E), demonstrating 
the elevated migration tendency of the high-energy atoms. Hence, 
the vertical growth rate of the voids can be written as Eq. 8

    V  vertical   =  exp (   −   
∆g − ∆E

 ─  k  B   T
   )     (8)

With the accumulation of the voids, the tendencies of total atomic 
surficial energies remain increasing. Hence, the vertical growth rate 
will be continuously increased. This can interpret the growth of Li 
voids evaluated from the 2D horizontal growth to the subsequent 
3D growth. The 3D growth demonstrates the insufficient replenish-
ment of interfacial Li due to the contact loss, which leads to repaid 
contact loss failure.

Principles of void accumulations
The electrochemical evaluation proves that the Li void accumulation 
exhibits three major stages of stable Li stripping, the stable region 
(red), the transition region (yellow), and the failure region (blue) 
(Fig. 6B). The microscopic evolution features are also combined in 
this quantified current density–areal stripping capacity-active con-
tact ratio phase diagram. The current density determines the void 
accumulation rate, and the capacity determines the level of void ac-
cumulations. The void accumulation processes are summarized in 
Fig. 6C. The void nucleates during the Li stripping with a critical 
size by 1/i. The void growth is based on the void nucleus size and 
amount exhibiting the accumulation rate in proportion to i2. The 
void inclines to loss adjoin to the interface to the transition process. 
Then, the 3D growth is relied on the surficial atomic diffusion be-
cause of the atomic energy increase before the failure of contacts. At 
high current density scenarios, high current density leads to a small 
nucleus with a high amount, which results in rapid void growth. The 
high concentration vacancy injection will also lead to a high vacancy 
collision, exhibiting the porous morphology. The contact loss failure 
during high current density displays porous contact loss derived from 
the high amount of nuclei.

We also compare the void behavior in the SSE system and liquid 
electrolyte system. The detailed discussion of the void features in 
the liquid electrolyte system is provided in the Supplementary Ma-
terials (figs. S18 and S19). The basic void formation behaviors of Li 
metal are similar in both solid-state batteries and liquid electrolyte 
batteries, which is proved by the similar relationship between the void 
sizes and the current density. However, the intrinsic discrepancies 
are shown in the Li void growth processes (fig. S20). The voids on 
the solid-solid interfaces block the mass transport, leading to void 
growth and rapid battery failure. In contrast, the flowing liquid electro-
lytes guarantee mass transport, inducing new void nucleation on the 
fresh solid-liquid interfaces.

The pressure-induced influences
If the creep (creep) is adopted in the system, then the relationship is 
written as Eq. 9

  ∆ G  v   = −   F ─  V  m     +    creep    (9)

where F is the Faraday constant (F = 96,500 C mol−1) and Vm is the 
molar volume of lithium metal (1.3 × 10−5 m3 mol−1).

In general, the external pressure can reduce the ∣∆Gv∣, and the 
function of creep can be treated as the reduction of current density. 
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Li is the specific surface energy of lithium metal. Hence, the critical 
size (rcrit) of the void will increase (Eq. 10), and the amounts of the 
nucleus will be reduced

    r  crit   ↑   =∣  2    Li   ─ ∆  G  v   ↓    ∣∝   1 ─ i ↓       (10)

In our case, as the measured interfacial impedance (Rs) is 
10 ohms cm2, the overpotential  is calculated as J × Rs = 1 ~ 
10 mA cm−2 × 10 ohms cm2 = 10 to 100 mV. Therefore,  −   F _  V  m     ranges 
from 74.2 to 742.0 J m−3, resulting in the required creep from 74.2 to 
742.0 MPa at the current density of 1 to 10 mA cm−2.

However, the exact stack pressure in our mold cell is around 
5 MPa, which can only suppress the void formation at the current 
density of <0.07 mA cm−2. A previous report also demonstrated that 
the pressure of >20 MPa will lead to the collapse of electrolytes and 
the subsequent extrusion of Li metal in sulfide electrolyte–based 
solid-state batteries (46). Hence, simply applying stack pressure in 

sulfide solid-state batteries would not completely eliminate the void 
nucleation.

According to the modified equation involving creep (Eq. 11), the 
pressure-induced creep will reduce the activation energy. Hence, the 
void growth can be regulated by introducing external stack pressures

     dr ─ dt   ↓   =  exp (   −   
∆ G  a   + ∆g +    creep  

  ───────────  k  B   T   )   ↓     (11)

In summary, we discuss the specific effect of pressure-induced 
creep on both nucleation view and growth view. The equations 
adequately demonstrate the significance of pressure on suppressing 
the void nucleation and growth and are also promising to provide 
quantified guidance on applying proper pressure.

Solutions from void formation theory
The void formation has the nucleation and growth process. Strate-
gies for constraining contact loss can be designed by suppressing 

Fig. 6. The interfacial evolution principle during Li stripping and the actual condition of morphology evolution. (A) The site energy evolution after void injection 
by DFT calculations. (B) The phase diagram describes the void evolution regulated by the current-stripping areal capacity and current density. (C) The schematic of micro-
scopic evolution in different void accumulation circumstances.
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void nucleation and growth. Initially, the existence of void nucleation 
is due to the limitation of void diffusivity in Li metal. Adopting pres-
sure can increase the void diffusivity, alleviating the void formation. 
However, the pressure abuse can induce direct overcreep and sub-
sequent dendrite penetration. Developing the intrinsic void diffusivity 
for Li metal involves atomic design. Altering the crystal structure is 
the essential route to developing the diffusion. Until now, using and 
regulating Li alloy components with improved diffusivity are prom-
ising strategies (12, 47). Increasing the intrinsic diffusivity (>Li void 
diffusivity in bulk Li) is the first principle.

Second, in the void nucleation view, according to Eqs. 1 and 2, 
void nucleation is mainly driven by the interfacial overpotential. 
Suppressing the interfacial overpotential can suppress the void 
nucleation. The interfacial overpotential is mainly derived from the 
interfacial impedance, including the charge transfer impedance and 
SEI-based impedance. Reducing the interfacial impedance such 
as improving the initial contact and reducing the interfacial reac-
tion are efficient to alleviate the subsequent contact loss. It is un-
raveled that the interfacial impedance is not only highly related to the 
dendrite formation but also plays a key role in inducing the void 
accumulations. Reducing the interfacial impedance is the second 
principle.

Third, in the void growth view, according to the evolution phase 
diagram in Figs. 2J and 6B, the key stage of the void-induced failure 
is the transition stage, which corresponds to the 2D growth process. 
Adopting frameworks for Li metal composites is essential to suppress 
the subsequent growth, which helps to maintain the interfacial contact. 
It is known that the 2D growth stage is the transition stage from 
stable contact to failure. The design of the Li framework should 
consider the critical void size to prevent the 2D void growth before 
the failure. Hence, the pore size of the framework must be smaller 
than the void critical size. The critical void size is highly related to 
the current loading. The critical size is in reverse proportion to the 
adopted current density. The critical sizes of the Li void provide the 
references for the design principle of the Li framework. According 
to the results in Fig. 5C, for instance, the critical size under 10 mA 
cm−2 reaches 0.4 m. Therefore, if the Li framework composites will 
operate at 10 mA cm−2, then the framework design must be with a 
pore size of <0.4 m to prevent 2D void growth until the critical size. 
Hence, the Li framework design principle includes comprehensively 
considering the application current loading of solid-state battery. 
Constructing frameworks with porosity of lower than critical void 
size is the third principle.

Fourth, adopting proper external conditions such as pressures 
can suppress the void growth. The added pressure can be estimated 
by the “strain rate” theory provided by Sakamoto’s group (15). The 
Li stripping flux derived from current density will lead to the change 
of the Li metal thickness, which is analogous to a current-induced 
strain rate. The external pressure will also induce a strain rate. The 
comparison between the strain rate induced by corresponding pressure 
and current density is an effective standard. The current density–
induced strain rate is given as (15)

     j   =   JM ─ F  I  0      (12)

where j is the current-induced strain rate, I0 is the length, J is the 
current density, M is the molar mass of Li,  is the density of Li, and 
F is the Faraday constant.

The pressure-induced strain rate is given as (48, 49)

      creep   = A     m  exp (  −   Q ─ RT   )     (13)

where creep is the strain rate induced by pressure, A is the pre-exponential 
factor determined by material properties,  is the stress, m is the 
power-law creep exponent, Q is the activation energy, R is the molar 
gas content, and T is the temperature.

Hence, if we control the pressure to realize the creep > j, then 
the void formation can be suppressed at the macroscopic view, and 
the rational pressure can be calculated according to Eqs. 12 and 13. 
However, it arouses the mechanical failure concern if applying an 
excessively high pressure, exceeding the yield strength to suppress 
voids at an extremely high current density (46).

Summary
The Li void formation is one of the most significant origins of battery 
failure in solid-state batteries. This contribution unravels the inter-
facial void evolution principles in solid-solid interfaces and illustrates 
the contact loss phenomena under a variety of current densities (1.0 to 
10.0 mA cm−2) by connecting the electrochemical performances 
with the microscopic morphology. The current densities control the 
void nucleation, and the capacities control the growth until the con-
tact loss failure. The size of the void nucleus is in reverse proportion 
to current density and induces the specific area in direct proportion 
to current density. The total contact loss rate is estimated in propor-
tion to i2. At microscopic view, the typical contact loss experiences 
the evolution from the 0D void nucleation, 2D development, to 3D 
extension with related to the three typical stages of void accumula-
tion of stable stage, transition stages, and failure stages. The growth 
type transition is attributed to the continuous void injection–leaded 
energy increase in the surficial Li atoms, which promotes the Li adatom 
diffusion–induced 3D extension. Variable current loading will lead 
to unpredictable interfacial morphological evolution, which can import 
difficulties in remaining the interfacial reversibility at practical applica-
tion scenarios. According to the void formation theory, improving inher-
ent void diffusivity, suppressing interfacial polarization, and constructing 
Li frameworks with porosity lower than the critical void size are po-
tential principles to overcome the interfacial void–induced dilemmas, 
which can promote the wide applications of practical all-SSLMBs.

MATERIALS AND METHODS
Experimental section
Battery assembly
The batteries for performance evaluation are assembled with Li 
metal, Li7P3S11 SSE, and indium foil. The batteries are assembled in 
mold cells. The thickness of lithium foil is 33 m (~6.6 mA·hour 
cm−2), and the counter-electrode In foil is 100 m. After the com-
plete discharge, the In will only form LiIn phase with the stable 
potential of 0.622 V versus Li/Li+. To simplify the battery disassem-
bly, copper foil is added upon the Li foil and In foil for the subse-
quent analyses.
Electrochemical measurement
The GEISs are evaluated by Solartron EnergyLab XM. The currents 
for galvanostatic measurements are ranging from 1 to 10 mA cm−2. 
The measurement interval for impedance is 0.25 mA·hour cm−2 
during each GEIS process. The measurement would be terminated 
automatically at the cutoff voltage of −2 V. The pressure applied on 
the battery mold is 5 MPa, and the evaluation temperature is 25°C 
(room temperature).
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The measurement frequencies for EIS range from 1 MHz to 0.1 Hz, 
with an amplitude of 10 mV. The voltage cut for GEIS measurement 
is −2.0 V versus Li/Li+, which is defined as the complete contact loss. 
Routine Li stripping is also measured in mold cells by the LAND2001A 
system. The DRT is realized using the MATLAB-GUI toolbox ex-
plored by Wan et al., (34).
Characterizations
The cross sections of the Li/SSE interface and the corresponding 
morphology captures, energy dispersive spectroscopy mapping, and 
TOF-SIMS evaluations are acquired from Tescan S9000 PFIB-SEM. 
Each area for PFIB treatment is 100 m by 100 m or 50 m by 50 m. 
The currents for PFIB are ranging from 50 to 5 nA until acquiring 
the polished interface. The TOF-SIMS measurement is also completed 
by the Tescan S9000 system under the atmosphere of <8 × 10−4 Pa 
with a current of 0.6 to 1 nA. The ionic source for PFIB and TOF-SIMS 
is the high-power Xe ion with a beam energy of 30 kV. An SEM-EBSD 
combination system with the Aztec acquisition software (Oxford 
Instruments) was used to analyze the structure, crystal orientation, 
and phase of routine Li foil.

The operando optical observation is conducted on the self-designed 
facility (fig. S21). The prepressed Li metal anode, Li7P3S11 electro-
lyte, and In foil are sealed in these optical molds, and the images are 
captured using a Nikon SMZ25 optical microscope.
Computational method
First-principles calculations based on DFT were performed to re-
veal the interfacial effect on the activity of Li atoms using the Vienna 
ab initio Simulation Package (50). The projector augmented wave 
method was used to describe the ion-electron interactions (51). The 
Perdew-Burke-Ernzerhof version of the generalized gradient ap-
proximation was adopted for the exchange-correlation energy (52). 
A kinetic energy cutoff of 320 eV was used for the plane wave ex-
pansion of the valence electron wave functions. A dense -centered 
Monkhorst-Pack k-point mesh with a sampling density of 0.03 Å−1, 
10−6 eV cell−1 in total energy, and 5 × 10−1 eV Å−1 in force were ad-
opted for the convergence criterion during structural optimization. 
The site energy is defined as Esite = Etotal − Evacancy to evaluate the 
activity of Li atoms, in which Etotal and Evacancy are the total energy of a 
complete structure and a structure containing a vacancy, respectively.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.add0510
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