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A B S T R A C T   

Ceramic solid electrolytes are crucial for electrochemical devices, including emerging solid-state batteries. 
However, they are susceptible to degradation and failure under harsh conditions, leading to dendrite growth, 
cracking and short circuits. While longitudinal lithium dendrites have been identified as a primary degradation 
mechanism, recent experiments have revealed transverse reduction fronts and bowl-shaped cracks that differ 
significantly from the longitudinal picture. We propose an electrochemical shock model to explain these trans-
verse degradation modes in solid electrolytes (SE) and mixed ionic-electronic conductors (MIEC), where SE is 
taken to be the very weakly electronic leaking limit of MIEC. The model describes a transverse layer with an 
abrupt oxygen potential jump over a short distance, caused by the electronic transport bottleneck on the Brouwer 
diagram. Using Li7La3Zr2O12 as an example, we demonstrate that even minor nonuniform lithium distribution 
associated with an electrochemical shock can induce stress concentrations, resulting in electrolyte cracking and 
bowl-shaped cracks. The electrochemical shock model highlights the significance of finite electronic conductivity 
in the degradation of SE and MIEC, providing insights for the design of durable solid electrolytes.   

1. Introduction 

Li-ion batteries (LIBs) have emerged as the main power sources for 
portable electronics and electric vehicles, due to their remarkable en-
ergy density and extended lifespan [1–3]. In the pursuit of a successful 
battery desired for electric vehicles, solid-state Li metal batteries 
(SSLMBs) are believed to be one of the most promising candidates [4,5]. 
For example, lithium metal anode, high-voltage cathode NMC, and 
ceramic electrolytes of garnet Li7La3Zr2O12 (LLZO, doped with Ta, Ga, 
Al, etc. to stabilize the cubic phase) [6–8] can achieve high energy 
density, high power density and wide operating temperature [9]. In 
addition, the solid electrolytes (SEs) with high mechanical strength are 
believed to impede the lithium dendrite growth, therefore significantly 
lowering the risk of short-circuiting and combustion compared to the 
conventional liquid organic electrolytes. However, under high voltage 
or repeated charge-discharge cycles, Li dendrite growth could still 
happen and cause cracking and failure in SEs at 0.5 mA cm− 2 for 
doped-LLZO [10,11], which is much lower than the critical current 
density of 10 mA cm− 2 in liquid electrolytes [12]. Thus, such contra-
diction with the conventional belief warrants a mechanistic under-
standing of the possible mechanisms of crack initiation in SEs. 

Recently, Hao et al. [13] used in-situ synchrotron X-ray computed 
tomography (XCT) to track crack propagation and lithium penetration 
process in Li3PS4 solid electrolyte, as shown in Fig. 1a. They found that 
the cracks are only partially filled with Li metal so that the cell can 
continue to operate even after the cracks reach the cathode side. Ning 
et al. [14,15] visualized the crack propagation and Li metal ingress in 
Li6PS5Cl with in-situ XCT. They observed that the crack initiated pre-
dominately with spallation near the surface with the electrode edge, as 
shown in Fig. 1b. Zhao et al. [16] conducted an in-situ observation of Li 
deposition-induced cracking in garnet Li6.4La3Zr1.4Ta0.6O12, where the 
crack initiated underneath the Pt electrode, forming a bowl-shaped 
crack with partially filled Li metal, as shown in Fig. 1c. There are two 
degradation modes observed in these experiments: longitudinal cracks 
parallel to the current density direction, and transverse cracks perpen-
dicular to the current density. The longitudinal cracks could be attrib-
uted to the lithium dendrite, as the dendrite tends to grow towards the 
opposite electrode, leading to cracks parallel to the current density. 
However, the physical origin of transverse cracks remains elusive. 

From the modeling perspective, the cracks initiation and propaga-
tions in ceramic electrolytes are mainly investigated as pressurized 
cracks [17–19] and dislocation climb [20], where the pressure from Li 
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insertion dendrite provides the major thermodynamic driving force of 
crack formation. Since Li metals have a low yield strength of around 1 
MPa [21], the crack must be filled by Li to produce high enough pressure 
for crack propagation, which contradicts experimental observations of 
partially filled Li in transverse cracks [13,14,16]. These models, 
although suitable for longitudinal cracks, cannot explain the transverse 
cracks partially filled with Li dendrite. 

On the other hand, Dong et al. [22,23] have studied the sharp po-
tential jump in mixed conducting oxide electrolytes under the assump-
tion of steady-state transport and local equilibrium [24]. In this model, 
the sharp oxygen potential jump originates from the p-type/n-type 
transition of electronic conductivity inside mixed conducting electro-
lytes, which leads to nonuniform grain growth with dramatic grain size 
transition halfway across the electrolyte thickness [25] at high tem-
peratures under processing conditions. The same model could be applied 
to the LIB system due to the very weakly mixed conducting nature of 
solid electrolytes [26,27]. In our framework, solid electrolyte (SE) is 
regarded as the very weakly electronically conducting (telectronic→0) 
limit of the general class of mixed ionic-electronic conductors (MIEC), 
where telectronic is the electronic transference number, proportional to 
the electron/hole concentrations on the Brouwer diagram times the 
electronic mobility. Vice versa, metals (M) is regarded as the very 
weakly ionically conducting limit (telectronic→1) of MIEC, as there are 
also well-known metallic oxides, borides and nitrides. For a SSLMB to 
function well, it must have a SE separator with rather low <telectronic>. 
For example, the users may require 1 hour to charge SSLMB more or less 
fully (by ionic conduction across SE), but 12 months to hold its charge 
(electronic leakage), then this would require an average electronic 
transference number <telectronic> ⩽ 1/(24×365) ≈ 10− 4. We note that 
while 10− 4 is tiny, it is not absolutely zero, especially considering the 
shelf life of a rechargeable battery is required to be a decade or more, 
and it needs to survive hundreds to thousands of cycles, so minute 
electronic leakage over the long term can still leave significant impact 
on the SE, given that electronic voltage as high as 4 Volt is sustained 
across the SE separator that is only tens of microns thick, approaching 
MV/m electric field. 

Given the importance of telectronic, we note however telectronic is not an 
intrinsic property of the ceramic phase only, and depends on external 
conditions such as doping and PO2 that affect its non-stoichiometry, and 
can thus vary spatially even within the same phase. It is well known from 

textbook Brouwer diagrams that as one sweeps the oxygen potential 
logPO2 from reducing (low U, where μe− ∝ -eU is the electronic chemical 
potential) to oxidizing (high U), telectronic will become more dominant on 
both the very reducing and the very oxidizing ends (assuming phase 
stability is guaranteed), so a solid electrolyte will become relatively 
more “leaky” of electrons at both low and high U’s, even when U is still 
within the phase’s electrochemical voltage stability window. There is 
also a particular “intrinsic” value of logPO2 / μe− / U for any SE-like 
phase, where telectronic is minimized on the log scale, aka the electronic 
transport bottleneck, and this observation is generally true irrespective 
of the absolute magnitudes of the electron/hole concentrations relative 
to the ionic carrier concentrations. As the SE separator in a SSLMB is by 
definition sandwiched between a high-U oxidizing MIEC (the positive) 
electrode and a low-U reducing (the Li-metal) electrode, this electronic 
transport bottleneck will be experienced somewhere in the middle of the 
SE, where a very large gradient is needed to maintain steady-state elec-
tronic leakage (for if the small but finite electronic leakage flux is not 
maintained at steady state in SE, there will be finite electronic flux 
divergence and associated Faradaic reactions, and the SE will decom-
pose electrochemically over long-term operations, which is not what we 
want in SSLMB). But even without Faradaic decompositions inside the 
SE, this large logPO2 / μe− / U gradient associated with the intrinsic 
electronic bottleneck can still drive mechanical damage, since the tele-

ctronic minimum is quite deep (two straight lines crossover on log-scale), 
and so the magnitude of the peak gradient is exponentially large, 
behaving like a spatial singularity front, i.e. “electrochemical shock” in 
our title. The electrochemical model could be combined with the 
eigenstrain method to solve the internal stress field from Li-insertion- 
induced volume expansion. Here, we propose a theoretical model of 
mechanical stress generated from the electronic conductivity bottle-
neck. This model can explain the bowl-shaped crack observed in LLZO 
SEs shown in Fig. 1d, and provide design principles for future solid-state 
electrolytes. The framework outlined in this paper is also applicable to 
explaining mechanical damage in general MIECs, for example the 
cathode oxides like LiCoO2 (LCO), LiNi0.8Co0.15Al0.05O2 (NCA) and 
LiNi0.8Mn0.1Co0.1O2 (NMC) materials used in SSLMBs and LIBs, as well 
as certain forms of interfacial damage between MIEC/SE, MIEC/M and 
MIEC/MIEC. 

Fig. 1. (a) Crack initiation in Li3PS4 observed by XCT. Reproduced with permission from ref [13]. Copyright 2021 Elseiver Ltd. (b) XCT scan of a spallation at the 
edge of the lithium electrode, and a vertical crack under the spallation. Reproduced with permission from ref [14]. Copyright 2021 Springer Nature. (c) Formation of 
a bowl-shaped crack in LLZO. Reproduced with permission from [16]. Copyright 2022 John Wiley Sons Inc. (d) Pressure field predicted from our chemo-mechanical 
model, showing a bowl-shaped high-stress region. 
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2. Origin of transport-induced electrochemical shock and 
internal stress 

To understand transport bottlenecks in solid electrolytes, we use 
LLZO as a prototypical solid electrolyte with mixed ionic and electronic 
conduction, but just with very low telectronic magnitude under normal 
conditions. Here, we only consider the motion of Li+ ions and electrons 
owing to the limited mobilities of other species (La3+, Zr4+, Ta5+, and 
O2− ) at room temperature. We assume the local equilibrium of the 
following two reactions, 

Li+ + e− = Li0 (1)  

e− + h+ = nil (2) 

The first equation assumes that a mobile Li+ ion can capture an 
excess electron (conduction-band-minimum Bloch wavefunction, form-
ing a Gaussian wave pack) to constitute a hypothetical immobile parti-
cle, the nominal Li0(LLZO) species. The use of Li0(LLZO) species and its 
chemical potential μ̃Li0 is exactly analogous to the use of O2(LLZO) 
species and PO2 for thermodynamic discussions (e.g. textbook Brouwer 
diagrams). Since some popular halide and sulfide SEs do not have oxy-
gen inside, but must have lithium to support lithium-ion conductivity, 
using Li0(LLZO),μ̃Li0 notation is just more natural, with μ̃Li0 correlating 
as –(kBTlogPO2)/4 in the case of oxide SEs for Brouwer diagram. These 
two reversible reactions in dynamic equilibrium are equivalent to the 
electrochemical potential equilibrium, 

μ̃Li+ + μ̃e− = μ̃Li0 (3)  

μ̃e− + μ̃h+ = 0 (4) 

In this paper, we use the symbol μRq to represent the chemical po-
tential of species Rq with the charge of q, and μ̃Rq = μRq + qϕ to denote 
the electrochemical potential, including the electrostatic potential term 
qϕ. The electrochemical potential is defined as free energy per particle in 
the unit of electron-volt. The chemical potential of electrons and holes 
could be determined with respect to its concentration under the dilute 
limit. For example,μe− = μref

e− + kBTln(ce− /cref
e− ), cref

e− and μref
e− are the 

reference concentration and chemical potential of electrons. 
Here we want to elaborate a bit on the physical meaning of 

“Li0(LLZO)” and ̃μLi0 in LLZO, because these notations are not very often 
seen in the context of the oxide bulk phase. We first note that a nominal 
line-compound phase such as garnet Li7La3Zr2O12 still has a finite (but 
minuscule) solubility range, that is, Li7-δLa3Zr2O12 may stay as a globally 
stable single phase within a finite range of δ, according to the Gibbs 
phase rule. This is just like any binary intermetallic compound A7-δB 
with A=Li and B=La3Zr2O12. Granted, the single-phase stability range of 
δ ∈ [δlower, δupper] is tiny, because the Gibbs free energy varies violently 
with δ for line compound phases (needle-shaped molar Gibbs free energy 
g(X), where X is the pseudo-binary composition), and as a result, so does 
the chemical potential μA, according to the tangent extrapolation rule 
for obtaining μA(X) from g(X). In such a pseudo-binary chemical free 
energy plot, there is a finite range of μA ∈ [μlower

A , μupper
A ] that can be 

called the stability window of the line compound, beyond which the line 
compound will decompose, i.e. the A-B system will fall in two-phase 
regions. Because of the violent slopes of μA(X)versus X, or δ, the corre-
sponding single-phase stability range of δ ∈ [δlower, δupper] may be small, 
but nonetheless [δlower, δupper] is finite, and more importantly, all the 
physical properties such as the lattice stress-free strain, and the mag-
nitudes and character of the mixed conductivities, depend on δ sensi-
tively. Since we have identified A as Li or “Li0(LLZO)”, it is in this 
thermodynamic marginal-cost sense that we identify μA ≡ μLi0 . Thus, 
slightly larger δ means more reduced LLZO, and slightly lower δ means 
more oxidized LLZO. It is obvious to practitioners that beyond certain 
limits, LLZO can be reductively decomposed, or oxidatively decom-
posed, which corresponds to the electrochemical stability window of 

this solid electrolyte. Here Li0(LLZO) can be thought of as a composite 
particle of Li+ bound to an excess electron, all living in the LLZO 
structure. It does not mean a metallic lithium atom, and certainly does 
not mean metallic lithium atoms in the BCC phase. The “electrochemical 
shock” in the paper title is in fact a narrow region of transition between 
quite reduced LLZO and quite oxidized LLZO, with a self-developed 
eigen-strain mismatch (according to the Vegard’s law) significant 
enough that can cause brittle fracture, since it does not take much elastic 
strain in ceramics to cause fracture. 

The charged species could form drift current by external electrostatic 
field and diffusion current by chemical potential gradient. We combine 
these two terms and write the current density jR for each charged specie 
R in terms of its electrochemical potential μ̃R and conductivity σR as 
following, 

jLi+ = −
σLi+

e
∇μ̃Li+ (5)  

je− =
σe−

e
∇μ̃e− (6)  

jh+ = −
σh+

e
∇μ̃h+ =

σh+

e
∇μ̃e− (7)  

where e is the charge of one electron. Then the total current density is 
expressed as the sum of Li ion current, electrons and holes current 
jcharge = jLi+ + je− + jh+ . Here we assume that the neutral Li atom / 
Li0(LLZO) is immobile, therefore the Li ion flow is related to the Li mass 
flow by, 

JLi =
jLi+

e
= −

σLi+

e2 ∇μ̃Li+ . (8) 

The assumption that Li0(LLZO) does not generate a mass flux 
contribution in response to the compositional spatial gradient ∇δ can be 
relaxed and modeled in later work. At a steady state, the concentration 
field remains time-independent and charge neutrality is enforced 
everywhere in the SE. Thus, the current density of all charged species 
and the Li mass flow should both be divergence-free, 

∇⋅jcharge = 0 (9)  

∇⋅JLi = 0 (10)  

The conductivity of each species is assumed to be proportional to its 
concentration and mobility. In the practical batteries, the Li ion con-
centration is almost constant across the SE as measured by experiments. 
Thus, the ionic conductivity of Li ion can be assumed constant 
throughout the simulations. This assumption does not imply that the 
total Li concentration (Li+ and Li0) is constant across the SE, because the 
concentration of Li0 could be a non-uniform distribution as the SE could 
exchange Li with contacting electrodes. On the other hand, the electric 
conductivity could vary by many orders of magnitude due to the con-
centration change of electrons and holes. Their conductivities can be 
expressed in terms of their chemical potential and mobility M from 
standard defect chemistry [28]. 

σe− = ece− Me− = eMe− exp
(

−
μe−

kBT

)

(11)  

σh+ = ech+Mh+ = eMh+ exp
(

−
μh+

kBT

)

= eMh+exp
(

μe−

kBT

)

(12) 

These exponential dependencies lead to highly nonuniform con-
ductivity spanning over many orders of magnitudes. A steady state for 
1D case could be achieved by the following thought experiment. 
Initially, the Li+ ion is constant and uniform across the SE. The reactions 
of Eqs. (1) and (2) reach local equilibrium as the external electric po-
tential biased the electrochemical potential, resulting in a nonuniform 
and nonlinear distribution of electrons and holes. The conversion from 
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Li+ ions to Li0 happens first in the area with a high electron concen-
tration. This conversion leads to local Li+ ion shortage, making it 
possible to transport Li+ ions from the external electrodes. This process 
effectively changes the composition of LLZO marginally and transport Li 
atom from electrodes to Li0 in the SE. This redistribution of off- 
stoichiometry δ, e.g. Li7-δLa3Zr2O12 due to finite divergence of elec-
tronic flux ∇⋅(je− +jh+ ) = − ∇⋅jLi+ ∕= 0 is a form of Faradaic reactions, 
which can take place inside a stable single MIEC phase within a finite 
range of δ, but the divergence can also drive phase transformation of the 
solid if δ exceeds the stability range [δlower, δupper] of this phase, which is 
certainly not what we want for long-term stable operations of the 
SSLMB. 

The transport bottleneck of electron-hole conductivity will lead to 
the heterogeneous distribution of marginal Li0(LLZO), similar to a shock 
front. Note that it does not take much Li0(LLZO) marginal atoms to cause 
drastic physical properties changes in Li7-δLa3Zr2O12 as this chemical 
system is “stiff”, changing it from “much reduced LLZO” to “much 
oxidized LLZO”. Since the excess storage of Li atom introduces the 
volume expansion, we can determine the stress distribution inside SEs 
by the eigenstrain method. The elastic strain εe can be determined by the 
total strain minus the volume expansion eigenstrain ε∗ related to the Li 
atom concentration, 

εe =
1
2
[
∇u+(∇u)T]

− ε∗ (13)  

ε∗ = α
(

cLi0 − cref
Li0

)
I = αcref

Li0

[

exp

(
μLi0 − μref

Li0

kBT

)

− 1

]

I (14)  

cref
Li0 and μref

Li0 are the concentration and chemical potential of Li0 atom at 
the reference state 1.48V, α is the partial molar volume of the Li0 atom. 
The magnitude of the α is calculated from density functional calcula-
tions. We determined this parameter cref

Li0 such that the volume expansion 
near the electrode reaches a typical value of 0.2%, as observed in the 
experiments of LLZO volume expansion after immersion with molten Li 
[29]. The exact value of cref

Li0 does not alter the main conclusion of this 
paper, since the exponential nature of Eq. (14). Even several orders of 
magnitude change of this parameter only affects the location of the 
electron potential jump. And the stress can be calculated by generalized 
Hooke’s law, assuming isotropic linear elasticity in small strains, 

σ = λtr(εe) + 2μεe (15)  

where the Lamé constants λ and μ are related to Young’s modulus E and 
Poisson’s ratio ν by λ = Eν

(1+ν)(1− 2ν) hand μ = E
2(1+ν). The stress equilibrium 

equation without body force can be written as, 

∇⋅σ = 0 (16) 

We solved the nonlinear electro-chemo-mechanical problem by finite 
element method using FEniCS software [30] in Python, for both 1D and 
2D cases. Again, we emphasize that due to the very deep (exponentially 
low) dips in electron/hole concentrations on the Brouwer diagram (two 
straight lines crossover on log-scale) and telectronic minimum, the 
magnitude of the peak gradient when steady state is reached must be 
exponentially large, behaving like a spatial singularity front, i.e. “elec-
trochemical shock” in our title. 

3. Methods 

We used FEniCS software to solve the electro-chemo-mechanical 
model for a domain Ω with Dirichlet boundary ∂Ω1 and Neumann 
boundary ∂Ω2. Since the Li ion concentration is assumed constant across 
the SEs, then μ̃Li+ = eϕ by definition. Then we write Eq. (9), (10) and 
(16) into weak forms in terms of ϕ,μe− and u with Dirichlet boundary 
conditions ϕ∗, μ∗

e− ,u∗ on ∂Ω1 and Neumann boundary conditions ∂ϕ∗

∂n ,
∂μ∗

e−
∂n 

and traction t* on ∂Ω2, 
∫

Ω
∇ϕ⋅∇qdV −

∫

∂Ω2

q
∂ϕ∗

∂n
dS = 0

with ϕ = ϕ∗ on ∂Ω1

(17)  

∫

Ω
(σe− + σh+ )∇(μe− − eϕ)⋅∇qdV

−

∫

∂Ω2

(σe− + σh+ )
∂
(
μ∗

e− − eϕ
)

∂n
dS = 0

with μe− = μ∗
e− on ∂Ω1

(18)  

∫

Ω
εe⋅C⋅∇vdV −

∫

∂Ω2

t∗⋅∇vdS = 0

with u = u∗ on ∂Ω1

(19)  

where q is trial scalar field, v is trial vector field, n is normal vector of 
boundary ∂Ω. εe = (∇u+∇uT)/2 − ε∗ is the elastic strain tensor, and C is 
the stiffness tensor. The above three equations are solved sequentially 
through Newton solver under plane stress conditions. For the 1D cases, 
we apply Dirichlet boundary conditions for Eqs. (17) and (18), and 
traction-free boundary for the mechanics problem. For 2D cases, we 
apply Dirichlet boundary conditions for the contact with external elec-
trodes. When solving Eq. (18), we use the relaxation parameter of 0.1 in 
the Newton solver due to the high nonlinearity of the problem. The 
parameters used in the finite element simulations are in Table 1. 

To calculate the volume expansion due to Li insertion, we conducted 
spin-polarized first-principles calculations by Vienna ab initio simula-
tion package (VASP) based on density functional theory (DFT) using the 
projector augmented-wave (PAW) method with the Perdew-Burke- 
Ernzerhof (PBE) generalized gradient approximation (GGA) [32–34]. 
PAW potentials with 2s1 electron for Li, 5s25p65d16s2 for La, 
4s24p64d25s2 for Zr, 5p65d36s2 for Ta, and 2s22p4 electrons for O were 
used. The plane-wave cutoff energy was set to be 520 eV. Ta-doped 
Li7La3Zr2O12 with a cubic phase was simulated using a supercell con-
taining 51 Li, 24 La, 11 Zr, 5 Ta, and 96 O, corresponding to a chemical 
composition of Li6.375La3Zr1.375Ta0.625O12 that is close to Li6.4La3Zr1.4-

Ta0.6O12 experimentally used in the literature [35]. Compared to 
undoped cubic Li7La3Zr2O12 (crystallographic information file 
icsd_182312.cif [36]) that should contain 56 Li, 24 La, 16 Zr, and 96 O in 
the supercell with the same size, 5 substitutional Ta ions were placed 
randomly at the Zr sites, 23 Li ions were placed randomly at 24d sites 
(with a site occupancy of ~0.96), and 28 Li ions were placed randomly 
at 96h sites (with a site occupancy of ~0.30). Li occupations at adjacent 
96h sites were excluded. To calculate reduction-induced chemical 
expansion, one Li atom was added to the supercell at a randomly 
selected 96h site (while still excluding adjacent 96h-site occupation) and 
three independent calculations were conducted. The Brillouin zone was 
sampled using Monhorst-Pack scheme with a 2×2×2 k-point mesh and 
convergence was considered as reached when residue atomic forces 
were less than 0.05 eV/Å. The volume expansion from Li insertion is 
listed in Table 2. 

4. Results and discussion 

To demonstrate the electrochemical shock introduced by the electron 
transport bottleneck, we simulated the one-dimensional distribution for 

Table 1 
Parameters for electro-chemo-mechanical model of LLZO  

E (GPa) G (GPa) α (cm3/mol) cref
Li0 (mol/cm3) 

154.9 [31] 62.5 [31] 3.06 3.26×10− 5  

μref
Li0 (eV) T (K) σLi+ (S /cm) σe− (S /cm) at 1.48 V 

1.48 300 3×10− 4 [6] 7×10− 20  
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a single crystal LLZO with a thickness of L. As illustrated in Fig. 2a, we 
used the following conductivities in the Brouwer diagram: Li ion con-
ductivity is 3×10− 4 S cm− 1 [6], insensitive to applied voltage; while the 
electron-hole conductivities are both 7×10− 20 S cm− 1 at 1.48 V, and 
change dramatically based on Eq. (11) and (12). Note the vertical axis of 
Fig. 2a is log-scale, thus the nature and magnitude of the electronic 
conductivity depend exponentially on μLi0 (a well-known feature of the 
Brouwer diagram), and therefore super sensitively on the δ of 
Li7-δLa3Zr2O12, illustrating the “stiffness” of this electrochemical system. 
We assume this low electron-hole conductivities such that LLZO remain 
effectively a solid electrolyte in the voltage stability window of 
0.05~2.91 V [37]. (Imagine a SSLMB requiring 1 hour to charge fully 
(ionic conduction), but 12 months to hold its charge (electronic 
leakage), this would require an electronic transference number telectronic 
⩽ 10− 4.) Then, a symmetrical voltage difference of 0.2 V is applied to the 
top and bottom boundaries, namely ϕ(x= 0) = 1.58V and ϕ(x = L) =

1.38V. The simulated electrochemical potential of each specie is shown 
in Fig. 2b. The Li+ electrochemical potential presents a linear profile due 
to the constant Li ion conductivity, while the electron and Li0 electro-
chemical potential both show sharp transitions at x = L /2. This is 

because in order to keep constant total current density,μ̃e− requires a 
higher gradient to compensate for the low conductivity at μLi0 = 1.48V, 
as demonstrated in Eq. (6). The sharp transition of μ̃e− also leads to the 
potential jump of ̃μLi0 , as a result of Eq. (3). Thus, the potential jumps of 
μ̃e− and μ̃Li0 arise from electronic transport bottleneck even in a homo-
geneous electrolyte, where ionic transport bottlenecks such as grain 
boundaries could lead to similar potential jump effect. We also per-
formed parametric simulations with varying potential differences across 
the electrolyte from 0.2 V to 0.8 V. In Fig. 2c, the distributions of Li0 

potential under different applied voltages show similar trends with 
abrupt potential jumps at x = L/2, and the magnitude of the potential 
jump increases with increasing applied voltage. However, the exact 
position of the potential jump depends sensitively on the boundary 
condition. If the electric potential on both boundaries increases by 1 mV, 
then μ̃Li0 potential drop position would shift towards the positive elec-
trode side, demonstrated by the pink curve, and vice versa by the cyan 

curve. The potential gradient ∂̃μLi0
∂x in the jump is affected by the potential 

difference, as shown in Fig. 2d. This gradient increases strikingly with 
increasing applied voltage, which could be approximated with a power 

law relation ∂̃μLi0
∂x ∝(Δϕ)n with n = 4.74. This abrupt change of μ̃Li0 will 

introduce a nonuniform volume expansion and internal stress field that 
could lead to the fracture and degradation of the SE. 

Then, we tested our electro-chemo-mechanical model using a 2D 
problem, a rectangular SE of 3 mm × 1 mm with an electrode partially 
covering the top surface as shown in Fig. 3. We applied 0.24 V voltage on 

Table 2 
DFT calculation of volume expansion from Li insertion in LLZTO  

Composition Li51La24Zr11Ta5O96 Li52La24Zr11Ta5O96 

Volume per supercell 2204.39 Å3 2209.47±1.43 Å3  

Fig. 2. Conductivity and potential distributions in 1D LLZO solid electrolyte. (a) Schematic Brouwer diagram shows redox-insensitive Li ionic conductivity and 
redox-sensitive electronic conductivities in LLZO. The horizontal axis of μLi0 can also be linearly mapped to the electrochemical potential U, logarithmic of the oxygen 
partial pressure PO2, etc. by using the Nernst equation. (b) Distribution of electrochemical potentials of Li ions, electrons and Li0. (c) Distribution of Li0 potential 
under different applied voltage. (d) The magnitude of voltage gradient in the shock front with respect to the applied potential difference. 
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the SE such that the average current density across the bottom electrode 
reaches a typical critical current density of 0.5 mA cm− 2 [10,11]. In 
Fig. 3a, the electrochemical potential of Li ion, which equals the electric 
potential ϕ assuming constant Li ion concentration, shows a cylindrical 
isosurface due to the concentrated current density from partial contact 
with the top electrode. In Fig. 3b and c, both the electrochemical po-
tential of electrons μ̃e− ≡ − eU (U is directly measurable by voltmeter 
with respect to a reference electrode) and μ̃Li0 show an abrupt potential 
jump inside the SE rather than the electrode-electrolyte interface, 
forming the bowl-shaped shock front. The potential jump of μ̃Li0 is 
sharper than that of μ̃e− , similar to the 1D case shown in Fig. 2b. Ac-
cording to Eq. (14), the nonuniform distribution of μ̃Li0 introduces 
volumetric eigenstrain and internal stress field. We solved the stress 
equilibrium assuming the isotropic linear elasticity of the SE. The cor-
responding von Mises stress field is plotted in Fig. 3d. There are two 
high-stress regions in the SE: one is near the contacting interface, and the 
other one is near the bowl-shaped chemical shock front, where the 
eigenstrain has the highest gradient. This narrow region of transition 
between quite reduced LLZO and quite oxidized LLZO, forms an elec-
trochemical shock, with a self-developed eigen-strain mismatch signif-
icant enough that can cause brittle fracture, which provides a possible 
explanation for the bowl-shaped crack observed in the LLZO experiment. 
The detailed crack initiation and propagation process warrant further 
studies by advanced electro-chemo-mechanical crack models with 
damage variable evolution. 

We also utilized our electro-chemo-mechanical model to explore the 
optimal contact between electrodes and SE to minimize the internal 
stress field. In Fig. 4, we simulated several different geometries of the top 
electrode while keeping the total current the same, namely under the 
same average current density of 0.5 mA cm− 2 [10,11] at the bottom 

electrode. Fig. 4a shows the von Mises stress field of a top electrode only 
covering one-third of the SE top surface, generating stress as high as 630 
MPa near the bowl-shaped chemical shock front demonstrated in Fig. 3c. 
While if we divide the top electrode into three small pieces, but with the 
same total contact area, as shown in Fig. 4b, the chemical shock will be 
more planar, therefore much lower stress with the maximum value of 
only 100 MPa. In Fig. 4c, we used the same number of contact points but 
smaller electrode sizes. Although the stress field changed quantitively, 
the maximum value of the stress field is still approximately 100 MPa. On 
the other hand, if we further increase the contacting point, the 
maximum stress could decrease to 85 MPa, as shown in Fig. 4d. These 
parametric studies show that better contact between the electrode and 
the SE could significantly reduce the internal stress field inside the SE. 
However, the stress field produced by the chemical shock cannot be 
erased; even uniform contact could still introduce internal stress, as 
shown in Fig. 2. 

In addition to the electrode and SE contact, we also studied how the 
electronic and hole mobilities affect the internal stress field. In Fig. 5, we 
simulated three different scenarios, Mh+/Me− = 3/2,Mh+/Me− = 1 and 
Mh+/Me− = 2/3. In Eq. (11) and (12), the mobilities influence the 
electronic and hole conductivities, controlling the relative position of 
red and blue curves in the Brouwer diagram in Fig. 1a. When the holes 
are more mobile than the electrons, the self-developed electrochemical 
shock and the concentrated stress region tend to move towards the 
positive side of the SE. In Fig. 5a and b, since the positive side of the SE is 
ill-contacted, the von Mises stress shows a nonuniform distribution as 
three connected bowl-shaped ribbons, with a maximum value of 130 
MPa. Similarly, the electrochemical shock and the concentrated stress 
region move towards the negative side of the SE, when the electrons are 
more mobile than the holes, as shown in Fig. 5e and f. The volumetric 

Fig. 3. The simulated electrochemical potential of Li+ (a), electrons (b) and Li0 (c) and von Mises stress field (d) in solid electrolyte LLZO. Gray rectangles represent 
the electrode to apply Dirichlet boundary conditions. 

Fig. 4. Simulated von Mises stress distribution for various electrode designs under the same average current density of 0.5 mA cm− 2 at the bottom electrode.  

Y. Zhang et al.                                                                                                                                                                                                                                   



Acta Materialia 265 (2024) 119620

7

eigenstrain field and von Mises stress field show planar jumps near the 
bottom electrode because of its perfect contact. However, the maximum 
value of stress reaches 200 MPa, higher than the (a,b) and (c,d). 
Comparing these three scenarios, the best way to minimize internal 
stress is to tune the relative mobilities of electrons and holes so that the 
potential jumps emerge in the middle of the SE rather than near any 
interfaces, which could be achieved by doping the SE with different 
elements. 

5. Summary 

In this paper, we proposed an electro-chemo-mechanical model to 
study the potential jump (exponentially large peak gradient) in the solid 
electrolyte limit of mixed ionic and electronic conductors. Our results 
lead to predictions as listed below,  

(a) The electronic conductivity bottleneck (σe− + σh+ )min induces the 
sharp jump of μ̃Li0 inside the SE, not at the contacting interfaces. 
Despite the minute electron/hole populations and electronic 
conductivities σe− , σh+ in a nominally good solid electrolyte, the 
fact that they depend exponentially on ̃μLi0 , a well-known feature 
of the Brouwer diagram, drives the nonlinear development, since 
the leaking electronic charge requires a very large driving force to 
maintain steady-state leakage at the spatial location of 
(σe− + σh+ )min.  

(b) The nature of the chemical shock is a transition zone between 
“reduced electrolyte” and “oxidized electrolyte” within a single 
electrolyte phase, that can be driven quite close to two ends of the 
electrochemical stability window [μlower

Li0 , μupper
Li0 ] of this solid 

electrolyte, depending on the voltage applied on the two termi-
nals. When overdriven or near certain heterogeneities, it is in fact 
possible to locally exceed [μlower

Li0 , μupper
Li0 ] that can cause electro-

chemical decomposition of the solid-electrolyte single phase.  
(c) The potential jump of μ̃Li0 and associated volumetric eigenstrain 

also generate nonuniform internal stress and provide additional 
thermodynamic driving forces for mechanical damage, other 
than Li metal (BCC) precipitation or other forms of electro-
chemical decomposition.  

(d) The high-stress region coincides with the predicted chemical 
shock and potential jump. The exact location and its magnitude 
depend on the voltage boundary conditions, electrode geometry, 
contact conditions, and electron-hole mobilities of SE. These 

parameters could be designed to diminish the internal stresses by 
our numerical model. 

We have developed a comprehensive electro-chemo-mechanical 
framework capable of analyzing stress generation in mixed ionic elec-
tronic conductors (MIECs) under small-strain conditions. This modeling 
approach integrates Li-ion transport, electronic transport, and me-
chanical deformation phenomena. By implementing this electro-chemo- 
mechanical model, we conducted simulations to investigate stress gen-
eration in LLZO during the charging of a symmetrical cell. The simula-
tion results demonstrate that various factors, including the electrode/ 
electrolyte contact, nominal current density, electronic conductivity, 
and effective mass and mobilities of electrons and holes, influence the 
morphology of the chemical shock front and the associated stress 
amplitude. Notably, the simulation outcomes resemble the bowl-shaped 
crack observed in the in-situ scanning electron microscopy (SEM) 
experiment. While our study focuses specifically on LLZO, it is important 
to note that the proposed model can be applied generally to all MIECs, 
such as LiNi0.8Co0.15Al0.05O2, LiCoO2, and LiCo0.95Ni0.05O2, as well as 
certain forms of interfacial damage between MIEC/SE, MIEC/M and 
MIEC/MIEC. 

Furthermore, by incorporating plasticity and crack propagation 
mechanisms, this modeling framework can be extended to investigate 
the functional fatigue of electrolytes and mixed conducting active 
electrode materials operating below the critical current density. This 
model has the potential to allow scientists and engineers to design SEs 
with custom electrode shapes and stack pressure and to detect possible 
hot spots for fracture. This expansion would enable a more compre-
hensive understanding of electrochemical system’s long-term perfor-
mance and durability in practical applications. 
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