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Comprehensive Study of Li Deposition and Solid Electrolyte
Cracking by Integrating Simulation and Experimental Data

Chen Lin,* Haihui Ruan,* and Ming-Sheng Wang*

Lithium (Li) penetration into solid-state electrolytes (SE) is a major cause of
lithium-metal solid-state battery (LMSSB) failure. However, no single model
fully explains experimental phenomena, and many simulation-based
conclusions lack validation or contradict experimental results, hindering the
understanding of failure mechanisms. This study integrates simulation and
experimental data to investigate Li deposition and SE cracking, introducing a
unified phase-field (PF) model. Unlike existing models, it accounts for
mechanical constraints, solid–solid contact, and large-strain
mechano-chemical coupling. It also distinguishes Li penetration from SE
cracking, as short-circuiting and cracking do not occur simultaneously.
Additionally, crack initiation follows the pressurized cracking model, while
propagation occurs through a wedge-shaped opening. A counterintuitive
approach to extending LMSSB lifespan is to reduce the mechanical
constraints of SE rather than decreasing defect size or increasing SE hardness
and toughness, provided that good contact is maintained between the
electrode and SE. This is because minimizing mechanical constraints alters
the Li deposition mode, preventing rapid Li eruption in cracks.

1. Introduction

The rapid development of human society has led to a critical chal-
lenge: energy shortages. Global energy demand is projected to
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reach 28–35 TW by 2050.[1] To address this
issue, there is an urgent need to transi-
tion the global energy landscape toward
renewable sources. However, most renew-
able energy sources, including wind, solar,
tidal, biomass, and geothermal energy, ex-
hibit uneven spatial and temporal distribu-
tions. This underscores the necessity of de-
veloping advanced energy storage technolo-
gies to optimize energy structures, promote
environmentally sustainable development,
and enhance overall energy utilization effi-
ciency.
Lithium-ion batteries (LIBs) are widely

regarded as the leading electrochemical
energy storage technology due to their
high energy and power density, excellent
cyclability, and reliability. However, LIBs
still face challenges, including the insuffi-
cient theoretical capacity of both positive
and negative electrodes, as well as safety
concerns.[3] Lithium-metal solid-state bat-
teries (LMSSBs) address some of these

limitations by replacing the flammable liquid electrolyte in con-
ventional LIBs with a nonflammable solid electrolyte, thereby
enhancing thermal stability and reducing the risk of battery
fires and explosions under extreme conditions. Furthermore,
LMSSBs employ lithium (Li) metal instead of graphite as the
anode, significantly increasing theoretical capacity density. Ad-
ditionally, LMSSBs can rapidly accommodate and release Li
ions, enabling fast charging without electrolyte polarization.
Consequently, LMSSBs are considered the “holy grail” of next-
generation high-energy-density lithium-metal batteries (LMBs)
and have attracted widespread attention.[4,5]

However, contrary to expectations, the performance of
LMSSBs has been observed to degrade significantly or even fail
after several charge–discharge cycles. The primary cause of this
deterioration and failure is the uncontrolled penetration of Li
dendrites during the charging process.[6–8] Two decades ago,
Monroe and Newman[9,10] proposed that if the shear modulus of
an organic SE exceeds twice that of Li metal, it can suppress the
penetration of Li dendrites. This led to the prevailing belief that
inorganic SE, which generally exhibit higher shear moduli than
organic SE, should be capable of preventing Li dendrite penetra-
tion, thereby driving the development of inorganic SE. However,
despite their high hardness and toughness, inorganic SE have
been unable to prevent Li dendrite penetration,[11,12] contradict-
ing Monroe and Newman’s theoretical predictions.
A key reason for this discrepancy is that the mechanism of Li

dendrite formation and growth in inorganic SE differs signifi-
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cantly from that in organic SE. In liquid or organic SE, Li dendrite
formation and growth result from amplified kinetic perturba-
tions at the Li-electrolyte interface, and increasing the electrolyte
shear modulus can effectively suppress these perturbations. In
contrast, in inorganic SE, pre-existing defects serve as the pri-
mary sites for Li dendrite formation, while crack propagation
from these defects is the main factor driving dendrite growth.
To explain Li dendrite penetration in SE, the well-known

pressurized cracking model[13] was proposed. According to this
model, Li preferentially deposits at pre-existing defects. Once
these defects are filled, continued charging forces the excess de-
posited Li to exert pressure on the defect sidewalls, leading to SE
cracking. Since Li possesses a lower modulus of elasticity and
yield strength than SE, the model assumes that Li behaves sim-
ilarly to a fluid. This “flowing” Li can immediately fill the new
space created by the crack, further driving crack propagation. Ul-
timately, the simultaneous expansion of cracks and Li dendrite
penetration leads to the failure of LMSSBs.
In a recent study, Hao et al.[14] employed in situ X-ray com-

puted tomography and spatial mapping X-ray diffraction to mon-
itor Li penetration and crack propagation in LMSSBs. Their find-
ings revealed that Li dendrite penetration and crack propagation
do not occur simultaneously. Instead, crack propagation occurs
at a much faster rate than Li dendrite penetration, indicating that
cracking does not immediately induce a short circuit in LMSSBs.
Additionally, Ning et al.[15,16] identified two distinct stages in

Li dendrite penetration: dendrite formation and dendrite prop-
agation. Dendrite formation follows the pressurized cracking
model,[13] in which Li fills the defect, leading to cracking. The
localized fracture strength at the crack site is correlated with
the defect size. Dendrite propagation, on the other hand, occurs
through a wedge-shaped opening mechanism,[16] wherein Li ac-
cumulates at the bottom of the crack, while the crack tip remains
Li-free. The Li at the crack base exerts compressive stress, driv-
ing the extension of the crack tip. The fracture toughness at the
crack tip aligns with the macroscopic fracture toughness of the
SE. Furthermore, experimental studies have demonstrated that
mechanical constraints within the LMSSB system have a signifi-
cant influence on Li deposition. For instance, Ning et al.[16] ob-
served that at a stack pressure of 7 MPa, LMSSBs failed after
35 cycles. In contrast, when subjected to atmospheric pressure
(0.1 MPa), the lifespan of LMSSBs extended to 170 cycles.
Understanding Li deposition and SE cracking is influenced by

multiple physical factors. However, fully capturing these phys-
ical processes through experiments alone remains challenging.
Additionally, real-time observation of dynamic changes occurring
beneath the SE surface is difficult. Consequently, multiphysics-
based modeling has become essential to supplement experimen-
tal findings and elucidate the mechanisms underlying Li deposi-
tion and SE cracking.
Tantratian et al.[17] employed density functional theory (DFT)

calculations and phase-field (PF) methods to investigate the in-
fluence of surface electronic states and grain size on Li den-
drite penetration. Their simulations demonstrated Li nucleation
at SE grain boundaries, followed by the penetration and inter-
connection of Li filaments, ultimately leading to a short circuit in
LMSSBs. However, their model did not treat Li penetration and
SE cracking as independent processes. Similar simplifications

were adopted by Yuan et al.[18,19] and Lin et al.,[20] where crack
extension and dendrite penetration were modeled to occur along
the same path and at the same rate—an assumption that con-
tradicts experimental observations.[14] Liu et al.,[21] Xu et al.,[22]

and Xiong et al.[23] investigated SE cracking induced by deposited
Li, assuming that Li was initially present within pre-existing de-
fects. Their model applied a volume expansion associated with
the deposition reaction to simulate Li extrusion along the defect
sidewalls, while cracking wasmodeled using damagemechanics.
However, their approach did not account for the continued pen-
etration of Li following crack formation. As a result, their model
may be more suitable for describing crack initiation rather than
explaining how deposited Li drives crack extension, as defined by
Ning et al.[16] Furthermore, Fang et al.[24] examined the effect of
stacking pressure on Li penetration within voids by incorporat-
ing an advection term into the Allen–Cahn equation within the
phase-fieldmodel. However, their study did not address themod-
eling of the cracking process.
Modeling Li permeation and SE cracking is generally con-

sidered as two relatively independent processes. Lin et al.[24b]

and Monismith et al.[25] developed similar PF models to inves-
tigate LMSSB failure during charging. In their models, the frac-
ture PF method was used to simulate crack initiation and prop-
agation, providing insights into Li dendrite penetration in SE,
including dendrite initiation, crack formation, and the driving
of crack extension by deposited Li. However, their approach to
simulating dendrite formation relies on kinetic perturbations,
which are more applicable to liquid Li batteries rather than
LMSSBs. Additionally, their models represent cracking by ar-
tificially introducing either simple plating stress or Li volume
expansion, which does not accurately capture the solid–solid
contact between deposited Li and the defective sidewalls. Fur-
thermore, determining the magnitude of plating stress or vol-
ume expansion remains controversial and ambiguous in many
studies.[18–25]

At present, there is a need for more comprehensive theoret-
ical models capable of fully explaining experimentally observed
phenomena. Moreover, many numerical studies[18–24b] remain
qualitative and lack direct comparison with experimental results.
This discrepancy suggests that conclusions drawn from numer-
ical simulations are often unverified or contradicted by experi-
mental findings. To achieve a thorough and precise understand-
ing of Li deposition and electrolyte cracking during charging, it
is essential to integrate experimental data withmodeling in a sys-
tematic and comprehensive manner.
To conduct a comprehensive study integrating experimental

data and modeling, it is essential to observe Li deposition and
SE cracking through high-temporal and high-spatial-resolution
in situ experiments. Gao et al.[26] successfully captured a series
of mechano-chemical behaviors during the charging process of
a sub micrometer single-crystal SE using high-resolution trans-
mission electron microscopy. Notably, selecting a single-crystal
SE eliminates the influence of grain boundaries, facilitating the
quantitative tracking of Li penetration and electrolyte cracking.
Their study revealed that under weak mechanical constraints be-
tween the electrode and SE, Li tends to deposit perpendicularly
to the SE surface in the form of whiskers, while simultaneously
pushing the electrode away from the SE in a process known as
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root growth.[27–29] When themechanical constraint reaches a spe-
cific threshold, root growth ceases, and the whisker shanks begin
to expand transversely. Further increasing the mechanical con-
straint leads to SE cracking and Li infiltration. Additionally, Gao
et al.’s experiments demonstrated that when single-crystal SE
sidewalls are constrained by neighboring grains, Li penetration,
and crack propagation occur almost simultaneously, resulting in
a short-circuit failure in a very short time. Conversely, in an iso-
lated single-crystal SE without grain constraints, a significantly
longer time elapses between crack formation and Li penetration,
thereby delaying the onset of short-circuit failure.
There is an urgent need for a unified theoretical model to ex-

plain these experimentally observed phenomena. To address this,
we propose a unified model based on the PF approach to elu-
cidate the complex mechano-chemical coupling observed in ex-
periments. Unlike existing models,[18–25] our model explicitly in-
corporates the effect of mechanical constraints on Li deposition
modes. Under low mechanical constraints, Li deposition on the
electrolyte surface displaces the original host lattice, a process
known as root growth. In contrast, under high mechanical con-
straints, Li fills defects or the electrolyte–electrode gap through
atomic diffusion (also referred to as dislocation climbing), a pro-
cess described as the viscoplastic flowmode. Building on our pre-
vious study,[24b] our model treats Li penetration and SE cracking
as two relatively independent processes. A key distinction is that
the stresses arise from the solid–solid contact between deposited
Li and crack sidewalls, rather than being artificially imposed
through electroplating stresses or volume expansion. To simulate
solid–solid contact within a continuous medium framework, we
assign minimal stiffness in the tangential direction along the Li-
electrolyte interface. This allows Li to flow relative to the sidewalls
without generating unrealistic shear stresses. The model de-
scribes crack propagation in two stages: initiation and extension,
employing the pressurized cracking model[13] and the wedge
openingmodel,[15,16] respectively. The constitutive relationship is
established within the large-strain framework, as stress-induced
cracking reaches the GPa level. The large-strain theory incorpo-
rates higher-order terms of geometric nonlinearity, allowing for
a more accurate representation of significant deformations and
stresses. Additionally, a coupled mechano-chemical electroplat-
ing kinetic equation was developed within the large-strain frame-
work. This equation integrates the stress-dependent term of the
electroplating reaction in the form of the Eshelby stress tensor,
thereby simultaneously accounting for the effects of stress and
conformational volume changes on the electroplating reaction.
To conduct a comprehensive study, we compare simulation re-

sults with experimental data. This includes analyzing the height
and volume of Li whiskers deposited on the electrolyte surface,
the volume of Li dendrites penetrating the SE, and the deposition
current density. These comparisons will allow us to validate the
model’s accuracy from multiple perspectives. Building on this
foundation, we aim to develop a thorough understanding of Li de-
position and SE cracking, as well as to investigate the influence
of mechanical constraints on Li deposition modes and LMSSB
failure. Additionally, we seek to uncover the complex mechano-
chemical coupling mechanisms governing the charging process.
Ultimately, our objective is to propose an effective strategy for ex-
tending the lifespan of LMSSBs.

2. Methodology

2.1. Distribution of Multiphase Field and Crack

This paper presents a theoretical framework for a Li plating sce-
nario, as illustrated in Figure 1. In this scenario, a layer of Li
is plated onto a SE with pre-existing flaws, leading to the for-
mation of gaps between the SE and the current collector (CC).
According to Gao et al.,[26] the root-growth mechanism[27–29] oc-
curs under weak mechanical constraint conditions. In this case,
the deposited Li displaces the original host lattice, as depicted in
Figure 1b. Conversely, under significant mechanical constraints,
the deposited Li fills the cavities on the SE surface or the gaps
between the SE and CC, as shown in Figure 1c.
To address this issue, we introduce a vector of order parame-

ters, p = (p1, p2, p3, p4), along with the fracture order parameter,
𝜃. As shown in Figure 1, the components p1, p2, p3, and p4 corre-
spond to the SE, Li, CC, and gaps, respectively. Each phase is char-
acterized by pi = 1 within its respective domain, smoothly tran-
sitioning to 0 across boundaries with other phases, while main-
taining the condition

∑N
i=1 pi = 1[30] among these phases. Cracks

are represented by the order parameter 𝜃, where 𝜃 = 1 in intact
regions and 𝜃 = 0 in cracked regions. Cracks are treated sepa-
rately, and for any physical properties across interfaces, interpola-
tion functions h𝛼 = (p𝛼)

2∕
∑N

i=1 (pi)
2[30] and 𝜒(𝜃) = 𝜃3(10 − 15𝜃 +

6𝜃2)[31] are employed to ensure smooth transitions, respectively.
We allow the order parameters 𝜃 and p2 to “overlap,” which

represents a scenario where a crack and Li occupy the same phys-
ical space. Specifically, this means that a crack forms in the SE,
while Li partially fills it. Therefore, in the theoretical model, there
is a partial overlap between the crack and Li phases within this
shared spatial region. However, the physical mechanisms gov-
erning Li growth and crack propagation are fundamentally dis-
tinct and must be described using separate governing equations.
Nonetheless, these processes are interrelated, and their interac-
tionmust be appropriately accounted for. For instance, themodel
should ensure that Li metal deposits exclusively within cracks
rather than other locations. Additionally, it must consider how
crack formation influences the mechanical properties of the ma-
terial.

2.2. Constitutive Relationship Under Large-Strain Framework

The crack opening caused by Li insertion is a large-deformation
problem. Therefore, the following constitutive relation between
the stress tensor 𝝈 and the deformation gradient F = ∂x/∂X
(where X and x represent the coordinates of a material point be-
fore and after deformation, respectively) is adopted

𝜎 = det (F)−1
(
Fe 𝜕Ψ

mech

𝜕Ee

((
Fvol

)T (Fvp)T)−1
)
FT (1)

where 𝝈 is the Cauchy stress tensor; F is divided into Fe, Fvp, and
Fvol representing the elastic, viscoplastic, and volumetric defor-
mation gradients, respectively; Ee = (FeTFe − I)/2 is the Green–
Lagrange elastic strain tensor; 𝜓mech is elastic strain energy den-
sity per unit volume (note: herein the volume means the volume
of the original state); det(•) indicates the determinant of a matrix.
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Figure 1. Schematic diagram of the spatial distribution of order parameter field, p, and fracture order parameter, 𝜃.

The Li-SE and Li-CC interfaces result from solid–solid contact,
allowing for relative sliding between the materials. In practice,
interfacial friction or shear force is not negligible due to the ad-
hesion between Li and SE. However, the limitations of current
experimental techniques prevent the quantitative measurement
of the friction coefficient or shear force at these interfaces. Con-
sequently, in this model, the interface is idealized as frictionless.
To address this simplification, a small tangential stiffness tensor
is introduced along the Li surface to ensure that interfacial shear
stresses at solid–solid interfaces remain minimal. This tangen-
tial stiffness tensor serves as a numerical approximation rather
than an experimentally determined value. Such an approxima-
tion is necessary because the PF approach is based on the as-
sumption of a continuous medium. Without this approximation,
the continuous-medium assumption would lead to an overesti-
mation of interfacial shear stresses when modeling the mechan-
ical behavior of discontinuous interfaces. By incorporating this
approximation, the model effectively mitigates or reduces inter-
facial shear stresses within the continuous-medium framework.
Therefore, the mechanical strain energy 𝜓mech is expressed as

𝜓mech = Jvol𝜓mech
0 = Jvol

(1
2
Ee :

(
Ce
bulk + Ce

contact

)
: Ee

)
(2)

where 𝜓mech
0 is the elastic strain energy per unit volume for a de-

formed geometry, which is converted to 𝜓mech by multiplying Jvol

which is the volume change at amaterial pointX. In Equation (2),
Ce
bulk and C

e
contact denote the bulk and surface tangential stiffness

tensors of Li, respectively, which are expressed as

Ce
bulk = h1 ((1 − 𝜒 (𝜃)) + 𝜂𝜒 (𝜃))Ce

1 + h2C
e
2 + h3C

e
3 + 𝜂h4C

e
1 (3)

Ce
contact = 16

(
p2
)2(

1 − p2
)2
T𝜂Ce

1

= 16
(
p2
)2(

1 − p2
)2(

I − 1||∇p2||2∇p2 ⊗ ∇p2

)
𝜂Ce

1 (4)

where Ce
1, C

e
2, C

e
3 are the stiffness tensors of the SE, Li, and CC,

respectively. Note that the interpolation functions of h𝛼 and 𝜒(𝜃)
are used to mollify the discontinuity across different phases and
cracks. In Equation (4), the term 16(p2)

2(1−p2)2 ensures that the
stiffness matrix, Ce

contact, only signifies at the surface of Li deposit,
T = I − (∇p2⊗∇p2)/|∇p2|

2 is the surface tangential tensor, and
𝜂 is a small value to ensure that the surface shear tractions are
much smaller than the normal tractions. It is important to note
that once the friction coefficient or shear force at Li-SE interface
is experimentally measured, the mechanical behavior of a fric-
tional interface could be approximated by assigning a specific
value to 𝜂.
It is also noted that at the Li-SE interface, tetragonal-like LLZO

can form,[33] inducing tensile stress on the surfaces of SE parti-
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cles. According to numerical results from Malavé et al.,[34] the
maximum tensile stress generated by interphase formation can
reach several hundred MPa when charging at a high current over
a duration of 3600 s. However, based on this estimation, in the
present study, the stress induced by interphase formation is only
a few MPa during a short charging period of just a few seconds.
This stress level is insufficient to influence crack formation and
propagation. Therefore, in the current simulation, the effect of
interphase formation on mechanical deformation is neglected.

2.3. Reaction Kinetics for Li Plating Considering the Stress
Contribution

For the electrochemical reactions, we adopted the expression of
Bazant[35] to formulate the reaction rate, r, given by

r = k0
(
aR exp

(
(1 − 𝜌)

(
𝜇exR − 𝜇exP

)
RT

)

− aP exp

(
−
𝜌
(
𝜇exR − 𝜇exP

)
RT

))
(5)

where k0 is the kinetics constant; 𝜌 is the asymmetric parameter;
aR and aP are the activity of reactants and products, respectively;
𝜇exR − 𝜇exP is the difference of excess chemical potential between
reactants and products. Considering the reaction Li+ + e− → Li,
aR = exp(𝜇Li

+

chem∕RT) and aP = exp(𝜇Lichem∕RT), where 𝜇
Li+

chem, 𝜇
Li
chem,

are the chemical potential of Li ions in SE and atoms in Li de-
posit, respectively; R and T are the ideal gas constant and ther-
modynamic temperature, respectively. The difference in excess
chemical potential between reactant and products, 𝜇exR − 𝜇exP , is
expressed as

𝜇exR − 𝜇exP = F
(
𝜑SE − 𝜑CC

)
−
(
𝜓mech − det (F) 𝜎

) (
FvpFvol

)−1 𝜕 (FvpFvol)
𝜕cLi2

(6)

where F is Faraday’s constant; 𝜑SE and 𝜑CC are the electric po-
tential of SE and CC, respectively. Equation (6) introduces the
effects of conformational volume change and deformation en-
ergy in the chemical potential. They are the consequence of
large deformation. If the small deformation is assumed, the
excess-potential difference reduces to 𝜇exR − 𝜇exP = F(𝜑SE − 𝜑CC) +
tr(𝜎)∕cLiref , 2, where tr(•) means the trace of a tensor. In this case,
the effects of conformational volume change and deformation en-
ergy becomes insignificant.

2.4. Governing Equations

When the contact compressive stress is lower than the yield
strength, the layer-by-layer deposition of Li atoms at the Li-
electrolyte interface displaces the existing Li layers, resulting in
the growth of Li whiskers, also known as the root growth mode
(as illustrated in Figure 1b). In this scenario, the driving force for
Li whisker growth can be expressed in terms of the electroplat-
ing reaction rate, as defined by Chen et al.[36] Since the elonga-
tion rate of Li whiskers corresponds to the rates of CCmovement

and gap widening, the driving terms governing the movement of
the CC interface and the CC-gap interface remain consistent with
those describing Li whisker growth. Consequently, the governing
equations for phase evolution can be expressed in the following
form

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

𝜕p1
𝜕t

= −M
(
−𝜅∇2p1 +m

((
p1
)3 − p1 + 3p1

∑N

j≠1

(
pj
)2))

𝜕p2
𝜕t

= −M
(
−𝜅∇2p2 +m

((
p2
)3 − p2 + 3p2

∑N

j≠2

(
pj
)2))

+ 4h2h3
r
cLiref

𝜕p3
𝜕t

= −M
(
−𝜅∇2p3 +m

((
p3
)3 − p3 + 3p3

∑N

j≠3

(
pj
)2))

− 4h3
(
h2 + h4

) r
cLiref

𝜕p4
𝜕t

= −M
(
−𝜅∇2p4 +m

((
p4
)3 − p4 + 3p4

∑N

j≠4

(
pj
)2))

+ 4h3h4
r
cLiref

(
4h2h3𝜎̄mises ≤ 𝜎Liy

)

(7)

where 4h2h3r∕cLiref is the driving force for the evolution of Li,
which is mediated by reaction kinetics; 4h3(h2 + h4)r∕cLiref is the
rigid body movement of flexible CC; 4h3h4r∕cLiref decribes the
widening of gap between SE andCC; 4h2h3𝜎̄mises denotes the aver-
age contact Mises stress along Li-CC interface; 4h2h3𝜎̄mises ≤ 𝜎Liy
indicates that the root-growth only occurs when the average con-
tact mises stress is smaller than the yield strength of Li. Since the
deposited Li atoms do not interstitially insert into host lattice, it
leads 𝜇exR − 𝜇exP to be 𝜇exR − 𝜇exP = F(𝜑SE − 𝜑CC) + tr(4h1h2𝜎)∕cLiref , 2,
where 4h1h2𝝈 is the contact stress tensor between the SE and
lithuim.
According to the mass conservation laws for Li ions in SE, it

leads to the reaction diffusion equation of Li ions, as follows

𝜕𝜇Li
+

chem

𝜕t
=

(∑N

𝛼=1
h𝛼

𝜕cLi+
𝛼

𝜕𝜇Li
+

chem

)−1

×
⎛⎜⎜⎜⎝
∇

(
Ddiff
Li+

(∑N
𝛼=1 h𝛼

𝜕cLi
+

𝛼

𝜕𝜇Li
+

chem

)−1 (
∇𝜇Li+chem − F∇𝜑SE

))
−r −

∑N
𝛼=1

𝜕h𝛼
𝜕t
cLi+
𝛼

⎞⎟⎟⎟⎠ (8)

where Ddiff
Li+ is the diffusion matrix of Li ion; c∗

𝛼
is the phase con-

centration of component ⁎ in 𝛼 phase, which is a fictitious con-
centration, having the following relationship with the actual con-
centration of component, c⁎, as c∗ =

∑N
𝛼=1 h𝛼c

∗
𝛼
. Considering the

fast diffusion-pathways along interface and surface, Ddiff
Li+ , is ex-

pressed as:Ddiff
Li+ = Ddiff

Li+ , bulk + Ddiff
Li+ , inter + Ddiff

Li+ , surf , whereD
diff
Li+ , bulk,

Ddiff
Li+ , inter, and D

diff
Li+ , surf are, respectively, the diffusive matrix of Li

ion in the body of SE, along the Li-SE and CC-SE interfaces, and
along the surface of SE.
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The Poisson’s equation is employed to govern the electropo-
tential field, 𝜑, given by

∇ (𝜀∇𝜑) = 0 (9)

where 𝜖 = 𝜖S(h1(1−𝜒(𝜃))+h3) + 𝜖SEh2 + 𝜂(h1𝜒(𝜃)+h4) is the ef-
fective electric conductivity of the medium with 𝜖S and 𝜖SE being
the conductivities of the conductor and SE; 𝜂 is to ensure that the
unfilled gap and crack are electrically insulated.
If the Li deposition is under a strongmechanical constraint, as

shown in Figure 1c, leading to viscoplastic flow and SE cracking,
the governing equations need to have additional terms to describe
the material flow. Hence, Equations (7) are modified as

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

𝜕pi
𝜕t

= −M

(
− 𝜅∇2pi +m

((
pi
)3 − pi + 3pi

∑N

j≠i

(
pj
)2)

+
∑N

𝛼=1

𝜕h𝛼
𝜕pi

(
𝜓 chem
𝛼

− 𝜇LicLi
𝛼
− 𝜇Li+cLi+

𝛼

))

×
(
4h2

(
1 − h2

)
𝜎̄mises > 𝜎

Li
y

)
(10)

where 𝜓 chem
𝛼

− 𝜇LicLi
𝛼
− 𝜇Li+cLi+

𝛼
is the additional driving force for

the evolution of order parameter filed; 4h2(1 − h2)𝜎̄mises repre-
sents the average contact stress between the Li and other phase;
4h2(1 − h2)𝜎̄mises > 𝜎

Li
y indicates that viscoplastic flow only occurs

when the average contact stress is larger than the yield strength
of Li.
Since the variation of driving force is owing to the diffusion

and reaction of Li, it leads to the reaction diffusion equation of Li
atoms as follows

𝜕𝜇Lichem

𝜕t
=

(∑N

𝛼=1
h𝛼

𝜕cLi
𝛼

𝜕𝜇Lichem

)−1

×

⎛⎜⎜⎜⎜⎜⎜⎜⎝
∇

⎛⎜⎜⎜⎜⎜⎝
Ddiff
Li

(∑N
𝛼=1 h𝛼

𝜕cLi
𝛼

𝜕𝜇Li

)−1

⎛⎜⎜⎜⎜⎜⎝

∇𝜇Lichem−

∇
⎛⎜⎜⎝
(
𝜓mech − det (F) 𝜎

)
(
FvpFvol

)−1 𝜕(FvpFvol)
𝜕cLi2

⎞⎟⎟⎠

⎞⎟⎟⎟⎟⎟⎠

⎞⎟⎟⎟⎟⎟⎠
+r −

∑N
𝛼=1

𝜕h𝛼
𝜕t
cLi
𝛼

⎞⎟⎟⎟⎟⎟⎟⎟⎠
(11)

In Equation (11), Ddiff
Li is the diffusion matrix of Li atom. It is

expressed as: Ddiff
Li = Ddiff

Li, bulk +Ddiff
Li, inter + Ddiff

Li, surf , where D
diff
Li, bulk,

Ddiff
Li, inter, and D

diff
Li, surf are, respectively, the diffusivity matrix of Li

atom in the host lattice, along the Li-SE and Li-CC interfaces, and
along the surface of Li. Equation (11) indicates that Li atom diffu-
sion is driven by gradients in chemical potential and by stresses
induced by Li insertion into the host lattice. Consequently, as Li
atoms diffuse and reduce the fraction of inserted atoms, stress re-
laxation occurs, leading to the flow of Li to fill gaps, cavities, and
cracks. This behavior aligns with the fundamental mechanism of
creep.

Based on the fracture PF theory, the governing equation of
cracking in SE can be expressed as[37]

Gf

l
(𝜃 − l2∇2𝜃) = 2(1 − 𝜃) Yh1 (12)

where Gf is the energy dissipated upon the creation of a unit on
the fracture surface; l denotes the thickness of the Crack-SE in-
terface, and it can be regarded as a pure numerical parameter; Y
is the effective crack driving force; and h1 ensures the cracking
only occur in SE.
Thus, by integrating the constitutive relationship (Equa-

tion (1)), the diffusion-reaction equations for Li ions and atoms
(Equations (8) and (11)), Poisson’s equation (Equation (9)), the
governing equations for the order parameter field (Equations (7)
and (10)), and the fracture equation (Equation (12)), the processes
of Li deposition and SE cracking are fully characterized. As illus-
trated in Figure 2, we also provide a schematic diagram summa-
rizing the theoretical modeling process.

3. Results and Discussion

The simulations were conducted using COMSOL Multiphysics
software. The geometric and boundary conditions and the ma-
terial parameters utilized in the simulations are detailed in the
Supporting Information.

3.1. Low Electric-Potential Plating with Variable Constraints

In the experiments conducted by Gao et al.,[26] single-crystal
LLZO particles were used as SE to investigate electrodeposition
behavior by constructing Li-LLZO-CC nanocells. Transmission
electronmicroscopy (TEM)was employed to observe interface dy-
namics in cross-section. To impose mechanical constraints dur-
ing low electric-potential plating, tungsten (W) was used as a
probe. In situ TEM force measurements were performed using a
TEM atomic force microscope (AFM) mount, with the W probe
serving as the force application element. The AFM cantilever was
affixed to the stationary side of the TEM stand, while the probe
tip, connected to a piezoelectric controller, was pushed upward
against the cantilever tip. During plating, the W tip bent under
the compressive force exerted by the AFM cantilever tip. The ap-
plied force was determined using Hooke’s law: F = ks∆l, where
ks is the spring constant of the probe cantilever (ks = 5 N m−1

in the experiment[26]) and ∆l represents the displacement of the
cantilever tip. Consequently, in our simulations, the mechanical
constraint imposed by the W probe is idealized as an elastic con-
straint.
To implement the elastic constraint, a stack stress correspond-

ing to the elongation of the Li whisker—equivalent to the dis-
placement of the cantilever tip,∆l—was applied to the upper sur-
face of the CC. This stress was expressed as 𝜎sp = ks∆l. For de-
tailed information regarding the simulation geometry, boundary
conditions, and finite element mesh, please refer to Figure S1 in
the Supporting Information. To validate themodel’s accuracy, the
simulation results were compared with experimental data from
Gao et al.,[26] as presented in Figure 3.
According to Equation (7), Li grows via layer-by-layer deposi-

tion, where each newly deposited layer displaces the previously

Adv. Sci. 2025, 12, 2501434 2501434 (6 of 14) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 2. Schematic diagram of the theoretical model. a) Constitutive relationship under the large-strain framework: This framework accounts for
both chemical strain and viscoplastic deformation. Chemical strain arises from the electroplating reaction, where Li atoms are deposited in quantities
exceeding the stoichiometric amount of Li metal within a confined space. Consequently, the constitutive relationship describes the deformation behavior
associated with electroplating, wherein excess Li atoms are interstitially inserted into the host lattice, leading to compression of defect sidewalls. b)
Plating reaction kinetics: This subfigure illustrates concentration changes driven by the migration of Li ions and atoms, as well as deposition reactions.
Variations in Li atom concentration induce chemical strain. c) Phase-field evolution equation for the electroplating process: Li deposition follows the root
growth mode when the contact compressive stress is below the yield strength, as described by equation (I) in (c). When the contact compressive stress
reaches the yield strength, Li deposition transitions to the viscoplastic flow mode, as shown in Equation (II) in (c). Additionally, stress accumulation can
lead to defect cracking, which is governed by the fracture PF equation, as illustrated in Equation (III) in (c).

deposited layers at the Li-SE interface. This growth mode is re-
ferred to as root growth. As depicted in Figure 3, root growth re-
sults in the radial elongation of Li whiskers perpendicular to the
SE surface, pushing the CC away from 0 to 58 s. Based on the es-
tablished theory (Equation (7)), the deposition reaction governs
root growth, and its rate is solely dependent on the reaction rate.
Furthermore, according to the mechano-chemical coupling the-
ory (Equations (5) and (6)), stack pressure shifts the deposition
overpotential to the left, thereby slowing the reaction rate. Con-
sequently, as the CC is displaced, the stack pressure increases,
gradually reducing the whisker elongation rate. However, both
simulation and experimental results indicate that the elongation
rate of Li whiskers remains unchanged despite increasing stack
pressure. This observation contrasts with the findings of Zhang

et al.,[29] which reported a slowdown in whisker elongation with
increasing stack pressure. This discrepancy may arise from dif-
ferences in the electrochemical properties at the Li-SE interfaces
in the two experiments. The current study suggests that the over-
potential at the Li-SE interface was sufficiently large, rendering
changes in overpotential due to increased stack pressure negli-
gible. In contrast, Zhang et al.[29] observed a low overpotential
at the electroplating interface, where reductions in overpotential
caused by increased stacking stress could not be ignored. There-
fore, although the two observed phenomena differ, they are not
inherently contradictory.
A transition in Li growth mode is observed as deposition time

extends, shifting from whisker elongation to whisker expansion.
This change results from variations in mechanical constraints

Adv. Sci. 2025, 12, 2501434 2501434 (7 of 14) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 3. Entire process ofmorphology and volume evolution of deposited Li in low electric-potential plating with variable constraint; the inset of Figure 3
quantitatively plots the critical time for root-growth to shank-expansion, tc, versus bias electric-potential, 𝜑apply, and spring constant, ks.

and the plastic yielding of Li. Under low mechanical constraint
conditions (when the contact stress is below the yield strength of
Li), Li is deposited via root growth (Equation (7)). In contrast, un-
der highmechanical constraints (when the contact stress reaches
the yield strength of Li), newly deposited Li can no longer displace
atomic layers at the interface and is instead deposited onto the
free surface through atomic diffusion, a process known as dislo-
cation climbing (Equations (10) and (11)). This growth mode is
referred to as viscoplastic flow growth. At the moment of growth
mode transition, the stack stress equals the yield strength of Li.
Numerical calculations show a stack stress of 50 MPa, which is
within the experimentally measured yield strength range of Li
whiskers.[29] Moreover, because viscoplastic flow is limited by
atomic diffusion, whereas root growth is controlled by the re-
action rate, the volumetric deposition rate of Li differs between
the two growthmodes. Both simulation and experimental results
show that the volume change rate of Li is approximately three
times higher in root growth mode compared to viscoplastic flow
mode.
Another critical observation is that when Li is deposited via vis-

coplastic flow, it does not preferentially deposit at the triple-phase
point (TPP) of the Li-SE-gap. Instead, it is primarily deposited
onto the free surface of the whiskers, as illustrated in Figure 3
(58–81 s). Li is only preferentially deposited at the TPP when the
free surface curvature becomes significant. This occurs because
the surface energy at the TPP is initially greater than that of the
flat free surface, making TPP deposition unfavorable. However,
as Li deposition raises the free surface, its surface energy even-
tually exceeds that of the TPP, causing Li to be preferentially de-
posited at the TPP, as observed after 81 s in Figure 3. This simu-
lation result is consistent with experimental observations.[26] Ad-

ditionally, we simulated the stress evolution during deposition,
as illustrated in Figure S2 in the Supporting Information.

3.2. High Electric-Potential Plating with Ridge Constraints

Copper (Cu) was used as a probe in high electric-potential plating
experiments,[26] exhibiting no deformation during in situ tests.
Therefore, in the simulation, the mechanical constraint imposed
by the Cu probe was idealized as a rigid constraint. Additionally,
the simulations assume the presence of a nanoscale defect on
the SE surface, prefilled with Li. The defect tip is modeled as a
circular shape, with its diameter representing its width. In the
simulation, the defect width is kept constant at 5 nm, while its
depth varies.

3.2.1. SE Particle Tightly Constrained by Other Particles

For the SE particle tightly constrained by surrounding parti-
cles, detailed information regarding the geometry, boundary con-
ditions, and finite element mesh is provided in Figure S3 of
the Supporting Information. As shown in Figure 4a, we quan-
titatively compared the simulated and experimentally measured
deposition current densities[26] to validate the accuracy of the
model.
According to the developed model, the crack initiation aligns

with the pressurized crack model description. The localized frac-
ture strength is related to defect size

𝜎c ≥
KIC

𝜛
√
𝜋ds,ini

(13)

Adv. Sci. 2025, 12, 2501434 2501434 (8 of 14) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 4. a) Evolution of current. b) Plating induced cracking in high electric-potential with ridge constraints for the particles tightly constrained by other
particles. c) Height of crack and Li dendrite with time. d) Evolution of tensile stress, 𝜎11, at the tip of defect-crack system. And the inset of (a) depicts
the evolution of current before cracking in details.

where 𝜎c is the localized fracture strength, KIC is fracture tough-
ness of a Mode-I crack, ds,ini is the initial length of crack, and ϖ
is the geometric factor.
As shown in Figure 4b, the tensile stress required to induce

cracking in nanoscale defects (≈20 nm) can reach the GPa or-
der of magnitude at 1.05 s. This result aligns with the theoreti-
cal prediction by Gao et al.[26] Simultaneously, the plating stress
(compressive stress inside the defects) also reaches theGPa scale,
leading to a significant shift in the deposition overpotential. Con-
sequently, before cracking occurs, the current density decreases
substantially with increasing deposition time, as illustrated in the
inset of Figure 4a.

Plating stresses on the order of GPa indicate that a sig-
nificant amount of elastic energy is stored within the de-
fects. Once the tensile stress reaches the localized fracture
strength, this elastic energy is rapidly released, triggering
crack initiation. To accurately capture this process, the time
step in the simulation is set to 10−6 s during the first
0.001 s of crack initiation. As shown in Figure 4c, the crack
length instantaneously increases from 0 to 0.24 μm at 1.05
s, whereas the length of the Li dendrite remains nearly un-
changed during the same time period. This indicates that
crack propagation and Li dendrite growth are not synchro-
nized.

Adv. Sci. 2025, 12, 2501434 2501434 (9 of 14) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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After the crack initiates, Li flows into the crack, leading to a
rapid release of elastic energy. This energy release reduces the
tensile stress at the crack tip, as shown in Figure 4d for 1.05 s,
thereby preventing further crack propagation. In Figure 4b, the
Li dendrite elongates by 0.2 μm between 1.05 and 1.10 s, while
the crack length remains unchanged. Subsequently, as more Li
is deposited at the root, the tensile stress at the crack tip grad-
ually increases. Once the tensile stress reaches the macroscopic
fracture strength, the crack begins to propagate again. This type
of cracking, known as thewedge-openingmode, accelerates crack
growth and leads to the rapid penetration of SE particles within
0.3 s, as shown in Figure 4c.
This behavior differs from the simulations by Monismith

et al.,[25] in which the crack propagates at a constant velocity. Al-
though it was not possible to trace the crack propagation pro-
cess in situ during experiments, the theory proposed by Ning
et al.[15,16] suggests that crack initiation and propagation occur
through pressurized cracking and wedge opening, respectively,
resulting in a nonconstant crack propagation velocity.
As shown in Figure 4c, the interval between these two stages

is less than 0.05 s, which is consistent with the findings of Gao
et al.[26] This also indicates that crack propagation and Li den-
drite penetration occur almost simultaneously. This synchroniza-
tion arises because when SE particles fracture, they are unable to
widen the crack through rigid body displacement, thus limiting
the available space for Li deposition. As a result, Li is deposited
only within the narrow crack, leading to its rapid eruption and
penetration into the solid electrolyte. This phenomenon also ex-
plains the sudden increase in deposition current density follow-
ing cracking, as observed in Figure 4a.

3.2.2. Effect of Mechanical Properties of SE to Plating-Induced
Cracking and Short-Circuiting

The formation of Li dendrites occurs through crack initiation,
which is influenced by defect size and operating conditions (e.g.,
bias electric potential). Therefore, this study further investigates
the effects of defect size and bias electric potential on crack initia-
tion. The geometrical dimensions and boundary conditions used
in the simulations are consistent with those in Section 3.2.1.
As shown in Figure 5a, the maximum tensile stress near the

defect increases with both bias electric potential and plating time.
At high bias electric potentials (2 and 3 V), the tensile stress even-
tually reaches the local fracture strength, leading to crack initia-
tion. However, at a lower bias electric potential (1 V), the tensile
stress reaches a saturation value below the local fracture strength,
preventing crack initiation. This stress evolution is attributed to
mechano-chemical coupling and suggests the existence of a crit-
ical bias electric potential. When the bias electric potential is be-
low this critical value, the deposition process does not induce
crack initiation.
A quantitative summary of the relationship between defect

size and critical bias electric potential is provided in Figure 5b.
Additionally, the relationships between critical bias electric po-
tential and local fracture strength, as well as between critical
bias electric potential and critical fracture time, are presented in
Figure 5c,d, respectively. These findings provide theoretical guid-
ance for optimizing pore size and operating conditions.

The growth of Li dendrites occurs through crack propagation,
which is influenced by the stiffness and toughness (fracture en-
ergy density) of the SE. Therefore, this study also examines the
effects of stiffness and fracture energy density on crack and den-
drite propagation. The simulations adopt geometrical configura-
tions and boundary conditions consistent with those in Section
3.2.1.
Figure 5e illustrates the penetration of cracks and Li dendrites

through the SE under three different conditions:

Scenario 1: SE stiffness of 120 GPa and fracture energy density
of 15 J m−2.

Scenario 2: SE stiffness of 140 GPa and fracture energy density
of 15 J m−2.

Scenario 3: SE stiffness of 120 GPa and fracture energy density
of 25 J m−2.

The results indicate that increasing the stiffness of the SE sup-
presses crack initiation but promotes crack propagation, while in-
creasing the fracture energy density inhibits crack propagation.
However, neither increasing stiffness nor toughness alone can
fully prevent the rapid propagation of cracks and Li dendrites. As
shown in Figure 5f, when the stiffness and fracture energy den-
sity were increased from 60 GPa and 15 J m−2 to 140 GPa and 25
J m−2, respectively, the time required for cracks and Li dendrites
to penetrate the SE increased only marginally, from 1.0 and 1.1 s
to 3.0 and 3.2 s, respectively.

3.2.3. CC in Contact with Isolated SE Particles

Our research also investigated the propagation of cracks and
Li dendrites within individual SE particles. The details of the
simulation setup, including geometries, boundary conditions,
and finite element meshes, are provided in Figure S6 of the
Supporting Information. To validate the accuracy of our find-
ings, we compared the simulation results with experimental
measurements,[26] as shown in Figure 6a,b.
As depicted in Figure 6c, the process of plating-induced crack

formation, from crack initiation (1.1 s) to the penetration of SE
particles (1.15 s), closely resembles the scenario discussed in Sec-
tion 3.2.1. However, the simulation results exhibit significant dif-
ferences after the crack fully penetrates the SE particles (time
greater than 1.15 s). At this stage, the growthmode of Li dendrites
transitions from elongation along the axial direction of the crack
to radial expansion perpendicular to the crack’s sidewalls. Simul-
taneously, the crack width increases. This change is attributed to
the removal of mechanical constraints on the deposited Li by the
crack sidewalls when the SE particles split into two halves. Ac-
cording to the developed model, Li dendrite growth shifts from
the viscous flow growth mode to the root growth mode in this
scenario, where Li is directly deposited on the crack’s sidewalls
while pushing the SE particles apart. Consequently, as shown in
Figure 6d, the Li dendrite length ceases to increase after the crack
penetrates the SE particles. This observation is consistent with
the findings of Gao et al.,[26] where significant crack widening
was observed in experiments with isolated SE particles, prevent-
ing short-circuiting. Conversely, in SE particles surrounded by
other particles, only a “hidden” narrow crack was observed, and

Adv. Sci. 2025, 12, 2501434 2501434 (10 of 14) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 5. a) Evolution of tensile stress at the defect tip under different bias electric potentials before cracking. b) Critical bias electric potential as a
function of defect size. c) Tensile stress at the defect tip as a function of defect size and applied bias electric potential at the termination of the reaction.
d) Critical fracture time as a function of defect size and applied bias electric potential. e) Process of plating-induced cracking for three different cases. f)
Relationship between the time of crack penetration and the time of short-circuiting as a function of the stiffness and fracture energy density of the SE,
respectively.

the crack penetration and Li dendrite growth into the SE occurred
almost simultaneously.
A comparison of deposition current densities reveals that

when SE particles are constrained by surrounding particles,
the deposition current density increases steadily until short-
circuiting occurs after cracking. In contrast, for isolated SE parti-
cles, the deposition current exhibits a pulsed pattern. This indi-
cates that in particle-constrained SE, Li continuously fills cracks
with a high-velocity eruption until it fully penetrates the SE. Con-
versely, in isolated SE particles, Li deposition initially involves a
brief eruption before transitioning to the root growth mode.
Comparing the results of the two simulations leads to a coun-

terintuitive conclusion: to extend the lifespan of LMSSBs, min-
imizing the mechanical constraints on the SE is more effective
than reducing defect size or increasing the hardness and tough-

ness of the SE. This approach is viable as long as good contact
is maintained between the electrode and the SE interface. The
reason is that reducing mechanical constraints enables a transi-
tion from viscoplastic flow deposition to the root growth mode,
thereby preventing the rapid eruption of Li within cracks.
Following this principle, several strategies can be proposed to

enhance the lifespan of LMSSBs. For instance, a composite struc-
ture composed of a polymer lattice with internally filled SE parti-
cles could be used instead of a single-material SE.[38] In this con-
figuration, crack propagation is inhibited by the polymer lattice,
reducing the likelihood of Li penetration through the SE. Simul-
taneously, the flexible polymer lattice decreases the mechanical
constraints imposed on Li dendrites, facilitating crack widening,
and creating additional space for Li deposition, ultimately reduc-
ing short-circuiting caused by Li eruption.

Adv. Sci. 2025, 12, 2501434 2501434 (11 of 14) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 6. Evolution curves illustrating: a) The deposited Li volume over time. b) The deposition current density over time. c) The process of Li dendrite
growth and SE cracking; and d) the evolution of Li dendrite and crack length over time. The inset in (d) presents the evolution curve of the maximum
tensile stress at the crack tip over time.

3.3. High Electric-Potential Plating without Constraints

Another approach to reducing mechanical constraints is the use
of carbon nanotubes (CNTs) as the CC. In this configuration, the
interior of the CNT serves as a space for Li deposition, effectively
mitigating mechanical constraints. To investigate Li deposition
behavior in CNT-based systems, we conducted numerical sim-
ulations and compared the results with experimental data from
Gao et al.[26] The simulation geometry, boundary conditions, and
finite element mesh are detailed in Figure S9 of the Supporting
Information.
As illustrated in Figure 7a, the simulation results for the height

of Li deposited within the CNT defect over time at high bias elec-
tric potential closelymatch the experimentalmeasurements. Due
to the high friction at the CNT wall, newly deposited Li atoms
on the SE surface cannot displace the existing atomic layer. Con-
sequently, Li is deposited within the CNT via a viscoplastic flow
mode. If a defect on the SE surface is connected to the CNT, plat-
ing stress develops inside the defect. However, this stress can be
effectively relieved, as the interior of the CNT provides additional
space for the viscoplastic flow of Li. Figure 7b presents the evolu-
tion of tensile stress at the defect tip over deposition time. The re-
sults indicate that the tensile stress approaches a saturation value
that remains below the localized fracture strength, suggesting
that CNTs effectively prevent SE fracture in this scenario. Fur-
thermore, we quantitatively predicted the relationship between
the saturation stress and the initial defect size and compared it
with the local fracture strength (see Figure 7c). The simulation re-

sults suggest that SE fracture can be avoided at high bias electric
potential if the defect size is smaller than 165 nm. This finding
provides a theoretical basis for the design of LMSSBs.

4. Conclusion

This paper introduces a unified mechano-chemical PF model
to provide insights into Li deposition and electrolyte crack-
ing during the charging process of LMSSBs. Unlike existing
models,[18–25] this model accounts for the influence of mechan-
ical constraints on Li deposition modes and the contact between
Li and defect sidewalls. Crack propagation is described in two
stages—initiation and extension—using the pressurized crack
model and the wedge opening model, respectively. Addition-
ally, the model incorporates a coupled mechano-chemical theory
within a large deformation framework. To validate its accuracy,
the simulation results have been quantitatively compared with
experimental data under various conditions.
The study investigates Li deposition under low electric poten-

tial with elastic mechanical constraints. The findings reveal a
transition in Li whisker growth from root growth mode to vis-
coplastic flowmode. Specifically, when the contact stress is below
the yield strength of Li, deposition occurs via root growth, result-
ing in whisker elongation. Conversely, when the contact stress
equals the yield strength of Li, deposition proceeds via viscoplas-
tic flow, leading to whisker expansion.
Furthermore, Li deposition under high electric potential with

rigid mechanical constraints is examined. When SE particles are

Adv. Sci. 2025, 12, 2501434 2501434 (12 of 14) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 7. a) Growth of Li within CNTs. b) Stress evolution at the defect tip during plating. c) Evolution of stress at the defect tip after long-term plating
and comparison with the localized fracture strength of SE as a function of defect size.

surrounded by other particles, Li erupts at high velocity through
narrow cracks via viscoplastic flow, leading to short-circuit fail-
ure. However, in isolated SE particles, Li deposition transitions
to root growthmode after crack penetration, preventing dendrite-
induced failure.
The study also quantitatively evaluates the effects of defect size,

bias electric potential, particle stiffness, and toughness on crack
initiation, propagation, and Li growth.While it is widely acknowl-
edged that reducing defects can help mitigate SE cracking, the
simulation results indicate that for defects of a specific size, there
exists a critical bias electric potential threshold.When this thresh-
old is exceeded, SE cracking occurs. Additionally, SE stiffness and
toughness influence crack propagation. However, the findings
suggest that increasing SE stiffness and toughness alone is in-
effective in preventing the rapid expansion of cracks and Li den-
drites.
Based on these findings, the study reaches a counterintuitive

conclusion: the most effective strategy to extend the lifespan of
LMSSBs is to reduce mechanical constraints on the SE rather

than decreasing defect size or increasing SE hardness and tough-
ness. This approach is viable as long as good contact is main-
tained between the electrode and the SE interface. By minimiz-
ing mechanical constraints, Li deposition shifts from viscoplas-
tic flow mode to root growth mode, thereby preventing the rapid
eruption of Li within cracks.

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

Acknowledgements
C.L. acknowledged the support from Natural Science Foundation of
Guangdong Province (Nos. 2022A1515011891 and 2024A1515011127),
the Natural Science Basic Research Plan in Shaanxi Province of China
(No. 2022JQ-019), the Guangdong Major Project of Basic and Applied
Basic Research (No. 2019B030302011), and “Young Top Talents” in the

Adv. Sci. 2025, 12, 2501434 2501434 (13 of 14) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 2025, 25, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.202501434 by H

O
N

G
 K

O
N

G
 PO

L
Y

T
E

C
H

N
IC

 U
N

IV
E

R
SIT

Y
 H

U
 N

G
 H

O
M

, W
iley O

nline L
ibrary on [24/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

Pearl River Talent Project of Guangdong Province (No. 2021QN02L344).
H.H.R. acknowledged the financial support provided by the Hong Kong
GRF (Nos. 15213619 and 15210622) and by the industry (HKPolyU Project
ID: P0039303).

Author Contributions
C.L. and H.H.R. conceived the idea. C.L. was responsible for model estab-
lishment. C.L. conducted simulations. C.L., H.W.G., H.H.R., and M.S.W.
analyzed the results and wrote the manuscript.

Conflict of Interest
The authors declare no competing interests.

Data Availability Statement
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords
cracking, deposition, integrating simulation and experimental data, me-
chanical constraint

Received: January 22, 2025
Revised: March 5, 2025

Published online: March 16, 2025

[1] D. G. Nocera, Daedalus 2006, 135, 112.
[2] D. Larcher, J. M. Tarascon, Nat. Chem. 2015, 7, 19.
[3] J. Xiao, F. Shi, T. Glossmann, C. Burnett, Z. Liu, Nat. Energy 2023, 8,

329.
[4] D. Lin, Y. Liu, Y. Cui, Nat. Nanotechnol. 2017, 12, 194.
[5] J. Liu, Z. Bao, Y. Cui, E. J. Dufek, J. B. Goodenough, P. Khalifah, Q. Y.

Li, B. Y. Liaw, P. Liu, A. Manthiram, Y. S. Meng, V. R. Subramanian,
M. F. Toney, V. V. Viswanathan, M. S. Whittingham, J. Xiao, W. Xu, J.
H. Yang, X. Q. Yang, J. G. Zhang, Nat. Energy 2019, 4, 180.

[6] Y. Ren, Y. Shen, Y. Lin, C. Nan, Electrochem. Commun. 2015, 57, 27.
[7] J. Kasemchainan, S. Zekoll, D. S. Jolly, Z. Ning, G. O. Hartley, J.

Marrow, P. G. Bruce, Nat. Mater. 2019, 18, 1105.
[8] Q. Li, T. Yi, X. Wang, H. Pan, B. Quan, T. Liang, X. Guo, X. Yu, H.

Wang, X. Huang, L. Chen, H. Li, Nano Energy 2019, 63, 103895.
[9] C. Monroe, J. Newman, J. Electrochem. Soc. 2004, 151, A880.
[10] C. Monroe, J. Newman, J. Electrochem. Soc. 2005, 152, A396.
[11] H. Liu, X. B. Cheng, J. Q. Huang, H. Yuan, Y. Lu, C. Yan, G. L. Zhu, R.

Xu, C. Z. Zhao, L. P. Hou, C. X. He, S. Kaskel, Q. Zhang, ACS Energy
Lett. 2020, 5, 833.

[12] D. Cao, X. Sun, Q. Li, A. Natan, P. Xiang, H. Zhu,Matter 2020, 3, 57.

[13] L. Porz, T. Swamy, B. W. Sheldon, D. Rettenwander, T. Frmling, H.
L. Thaman, S. Berendts, R. Uecker, W. C. Carter, Y. M. Chiang, Adv.
Energy Mater. 2017, 7, 1701003.

[14] S. Hao, S. R. Daemi, T. M. M. Heenan, W. Du, C. Tan, M. Storm, C.
Rau, D. J. L. Brett, P. R. Shearing, Nano Energy 2021, 82, 105744.

[15] Z. Ning, D. Spencer Jolly, G. Li, R. De Meyere, S. D. Pu, Y. Chen, J.
Kasemchainan, J. Ihli, C. Gong, B. Liu, D. L. R. Melvin, A. Bonnin, O.
Magdysyuk, P. Adamson, G. O. Hartley, C. W. Monroe, T. J. Marrow,
P. G. Bruce, Nat. Mater. 2021, 20, 1121.

[16] Z. Ning, G. Li, D. L. R. Melvin, Y. Chen, J. Bu, D. Spencer-Jolly, J. Liu,
B. Hu, X. Gao, J. Perera, C. Gong, S. D. Pu, S. Zhang, B. Liu, G. O.
Hartley, A. J. Bodey, R. I. Todd, P. S. Grant, D. E. J. Armstrong, T. J.
Marrow, C. W. Monroe, P. G. Bruce, Nature 2023, 618, 287.

[17] K. Tantratian, H. Yan, K. Ellwood, E. T. Harrison, L. Chen, Adv. Energy
Mater. 2021, 11, 2003417.

[18] C. H. Yuan, W. Q. Lu, J. Xu, Adv. Energy Mater. 2021, 11, 2101807.
[19] C. H. Yuan, W. Q. Lu, J. Xu, Energy Storage Mater. 2023, 60, 102834.
[20] C. Lin, H. H. Ruan, J. Energy Storage 2023, 65, 107389.
[21] Y. Liu, X. Xu, X. Jiao, O. O. Kapitanova, Z. Song, S. Xiong, Adv. Mater.

2023, 35, 2301152.
[22] X. Xu, P. V. Evdokimov, V. S. Volkov, S. Xiong, X. Jiao, O. O.

Kapitanova, Y. Liu, Energy Storage Mater. 2023, 57, 421.
[23] S. Xiong, X. Xu, X. Jiao, Y. Wang, O. O. Kapitanova, Z. Song, Y. Liu,

Adv. Energy Mater. 2023, 13, 2203614.
[24] a) R. Fang, W. Li, J. Jiao, L. Zhao, Y. Yao, J. Zhu, J. Mech. Phys. Solids

2024, 192, 105799 b) C. Lin, H. H. Ruan, J. Power Sources 2024, 598,
234137.

[25] S. Monismith, C. D. Fincher, Y. M. Chiang, J. Qu, R. Dingreville, Adv.
Energy Mater. 2024, 14, 2303567.

[26] H. Gao, X. Ai, H. Wang, W. Li, P. Wei, Y. Cheng, S. Gui, H. Yang, Y.
Yang, M. S. Wang, Nat. Commun. 2022, 13, 5050.

[27] A. Kushima, K. Pyo So, C. Su, P. Bai, N. Kuriyama, T. Maebashi, Y.
Fujiwara, M. Z. Bazant, J. Li, Nano Energy 2017, 32, 271.

[28] Y. He, X. Ren, Y. Xu, M. H. Engelhard, X. Li, J. Xiao, J. Liu, J. Zhang,
W. Xu, C. Wang, Nat. Nanotechnol. 2019, 14, 1042.

[29] L. Zhang, T. Yang, C. Du, Q. Liu, Y. Tang, J. Zhao, B. Wang, T. Chen,
Y. Sun, P. Jia, H. Li, L. Geng, J. Chen, H. Ye, Z. Wang, Y. Li, H. Sun, X.
Li, Q. Dai, Y. Tang, Q. Peng, T. Shen, S. Zhang, T. Zhu, J. Huang,Nat.
Nanotechnol. 2020, 15, 94.

[30] N. Moelans, Acta Mater. 2011, 59, 1077.
[31] K. Ammar, B. Appolaire, G. Cailletaud, F. Frederic, F. Samuel, Comp.

Mater. Sci. 2009, 45, 800.
[32] E. A. de Souza Neto, D. Peric, D. R. J. Owen, Computational Meth-

ods for Plasticity: Theory and Applications, John Wiley & Sons Ltd, The
Atrium, Southern Gate, Chichester, West Sussex, UK 2008.

[33] C. Ma, Y. Cheng, K. Yin, J. Luo, A. Sharafi, J. Sakamoto, J. Li, K. L.
More, N. J. Dudney, M. Chi, Nano Lett. 2016, 16, 7030.

[34] V. Malavé, J. R. Berger, H. Zhu, R. J. Kee, Electrochim. Acta 2014, 130,
707.

[35] M. Z. Bazant, Acc. Chem. Res. 2013, 46, 1144.
[36] L. Chen, H. W. Zhang, L. Y. Liang, Z. Liu, Y. Qi, P. Lu, J. Chen, L. Chen,

J. Power Sources 2015, 300, 376.
[37] M. Ambati, T. Gerasimov, L. De Lorenzis, Comput. Mech. 2014, 55,

383.
[38] W. Liu, S. W. Lee, D. Lin, F. Shi, S. Wang, A. D. Sendek, Y. Cui, Nat.

Energy 2017, 2, 17035.

Adv. Sci. 2025, 12, 2501434 2501434 (14 of 14) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 2025, 25, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.202501434 by H

O
N

G
 K

O
N

G
 PO

L
Y

T
E

C
H

N
IC

 U
N

IV
E

R
SIT

Y
 H

U
 N

G
 H

O
M

, W
iley O

nline L
ibrary on [24/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advancedscience.com

	Comprehensive Study of Li Deposition and Solid Electrolyte Cracking by Integrating Simulation and Experimental Data
	1. Introduction
	2. Methodology
	2.1. Distribution of Multiphase Field and Crack
	2.2. Constitutive Relationship Under Large-Strain Framework
	2.3. Reaction Kinetics for Li Plating Considering the Stress Contribution
	2.4. Governing Equations

	3. Results and Discussion
	3.1. Low Electric-Potential Plating with Variable Constraints
	3.2. High Electric-Potential Plating with Ridge Constraints
	3.2.1. SE Particle Tightly Constrained by Other Particles
	3.2.2. Effect of Mechanical Properties of SE to Plating-Induced Cracking and Short-Circuiting
	3.2.3. CC in Contact with Isolated SE Particles

	3.3. High Electric-Potential Plating without Constraints

	4. Conclusion
	Supporting Information
	Acknowledgements
	Author Contributions
	Conflict of Interest
	Data Availability Statement

	Keywords


