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We establish an analytical criterion for stable electrodeposition by combining electrochemistry and
mechanics. In situ experiments combined with molecular simulations are performed to validate the robust-
ness of the theoretical predictions. Our analysis shows that stable electrodeposition is intimately linked
with the interfacial defect size, fracture toughness, and molar volume of solid electrolytes. We find an
exponential scaling law between the critical current density and the interfacial defect size, and the inher-
ent softening in strength of grain boundaries lowers the critical current density in polycrystalline solid
electrolytes. Modeling and analyses provide roadmaps to design solid electrolytes with metallic anodes
for achieving stable electrodeposition.
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I. INTRODUCTION

Electrodeposition, centuries-old technology for the fab-
rication of metallic thin films and coatings, has gained
renewed scientific and technological interest due to its
critical role in high-energy-density rechargeable batteries
with metallic anodes [1,2]. However, charging such cells
requires the electrodeposition of an active metal onto itself
(e.g., Li, Na), a process that is inherently unstable [3–5].
Electrodeposition on the anode surface grows along the
preferred orientation, ultimately leading to needlelike or
mossylike morphologies, commonly known as dendrites
[6,7]. Uncontrolled dendrite growth bridges the anode and
cathode and results in an internal short circuit, leading
to severe safety hazards for batteries. Thus, achieving
stable electrodeposition is crucial for battery safety and
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performance promises, but so far there has been a lack of
effective approaches [8–10].

Replacing conventional liquid electrolytes with solid
electrolytes (SEs) is the most forward-looking route to
block dendrite growth due to its high stiffness. Unfortu-
nately, experiments show that dendrites are more easily
formed in SE systems than in their liquid counterparts [11,
12]. Taking lithium-based batteries as examples, the criti-
cal current density (CCD), above which lithium dendrites
initiate and propagate, is 0.05−1.0 mA/cm2 for garnet-
type SEs and 0.1−0.4 mA/cm2 for polyethylene oxide
(PEO)-based SEs, whereas it can reach 4−10 mA/cm2 for
liquid electrolytes [13]. It is evident that there are distinct
mechanistic differences in electrodeposition between solid
and liquid electrolytes. The fundamental understanding of
electrodeposition in solid-state cells remains insufficient
[14–16].

Various factors influence the electrodeposition process
in solid-based systems, such as the resistance of the anode-
SE interface [17], interfacial geometry [18], electronic
conductivity [19], microstructure [15], and the mechani-
cal properties of the anode and SE [20]. In the absence
of convincing experimental validation, it is unclear which
factors are the most crucial for stable electrodeposition in
metal-based batteries [21]. Recent observations show that
the ubiquitous internal defects in solid-state systems, such
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as grain boundaries, scratches, voids, or surface roughness,
tend to become the “hot spots” for metal-atom deposi-
tion and even penetration [22–24], indicating a strong
correlation between the interfacial void and unstable elec-
trodeposition. These observations are very general and
qualitatively similar findings have also been documented
for Na/beta-Al systems [25]. This phenomenon stands in
stark contrast to liquid-based systems, where the liquid
hydrostatic pressure compels the electrolyte to permeate
any interfacial voids, ensuring consistent contact. Without
consideration of defect effects, the analysis will overesti-
mate the blocking ability of SEs, and the predicted CCD
is around 20 times larger than the experimental value
[26,27]. Thus, identification of critical influencing factors
and the establishment of criteria to accurately estimate
stable electrodeposition are urgently needed [28–31].

This work aims to develop a general theory to quan-
titatively uncover the criterion for stable electrodepo-
sition. We establish an analytical theoretical prediction
of CCD, which is valid for both polymer and inor-
ganic SEs. Our analysis correlates the condition for
stable electrodeposition with the interfacial defect size,
the fracture toughness and molar volume of SEs. Tak-
ing the Li|Li6.4La3Zr1.4Ta0.6O12 (LLZO) Ta-doped cell
as an example, the robustness of theoretical predictions
is validated with the aid of in situ experiments and
molecular simulations. The role of the grain boundary
in electrodeposition is also discussed. The understand-
ing uncovered in this work will have important impli-
cations for material selection and the interfacial design
of SEs.

II. FORMULATION OF ELECTRODEPOSITION

Consider a metal-based battery system composing of a
metal anode and a SE with a preexisting surface defect
(e.g., cracks, scratch, voids), as shown in Fig. 1(a). Ini-
tially, the system is under relaxed state. Upon charging,
metal ions (Mz+) from the electrolyte are reduced and
deposited as new metal atoms (M), which can be expressed
as Mz+ + ze− � M. Since defects are believed to act as
preferential sites for electrodeposition [23], the new depo-
sitions preferentially fill the defect and form a protrusion
into the SE [Fig. 1(b)].

To accommodate the newly deposited metal atoms, both
the metal anode and the SE are pushed backward, lead-
ing to a field of stress at the interface. Mechanical stress
resists deposition on the protrusion and slows down tip
growth by decreasing the activation energy of the reaction.
Thus, the interplay between electrochemistry and mechan-
ics affects the electrodeposition process in solid-state
batteries.

For simplicity, we consider a constant metal-ion concen-
tration at the interface [32]. Based on the Butler-Volmer

equation, the current density, i, can be expressed as

i = i0

[
exp

(
−αa

μM − μMz+ − zμe−

RT

)

− exp
(

αc
μM − μMz+ − zμe−

RT

)]
, (1)

where i0 denotes the exchange current density; αa and αc
are the anodic and cathodic charge transfer coefficients,
satisfying 0 < αa < 1 and 0 < αc < 1, respectively [33];
F, R, and T are Faraday’s constant, the ideal gas con-
stant, and temperature, respectively; μM, μMz+ , and μe−
represent the electrochemical potentials of the product
(M) and reactants (Mz+ and e−) during electrodeposition,
respectively. The whole electrochemical potential varia-
tion corresponding to the reaction kinetics can be recast
as μM − μMz+ − zμe− = �μ, in which �μ quantifies the
additional potential change. It is known that �μ is related
to the local interfacial geometry [14], which plays a critical
role in dendrite nucleation and growth.

To make the theory more tractable, it is widely accepted
that the current density associated with the cathodic reac-
tion can be negligible, since the anodic reaction dominates
the reaction kinetics at the anode interface during elec-
trodeposition [e.g., exp(αc(μM − μMz+ − zμe−/RT)) �
exp(−αa(μM − μMz+ − zμe−/RT))] [34]. Thus, the new
reaction kinetics relationship between the peak and valley
of the defect can be expressed as

ipeak

ivalley
= exp

(
−αa

�μpeak − �μvalley

RT

)
, (2)

where ipeak, ivalley, �μpeak, and �μvalley are the current den-
sities and the additional potential changes at the peak and
valley of the defect, respectively. When ipeak/ivalley ≤ 1,
the electrodeposition rate at the peak is slower than that at
the valley, so the protrusion tends to weaken or be invari-
able, resulting in stable electrodeposition [Fig. 1(c)]. When
ipeak/ivalley > 1, the electrodeposition rate at the peak is
faster than that at the valley, so the protrusion tends to
largen, resulting in unstable electrodeposition [Fig. 1(d)].
Since αa > 0, the condition for stable electrodeposition
requires

�μpeak − �μvalley ≥ 0. (3)

Different from liquid electrolytes, the additional potential
change, �μ, in SEs is generally contributed by two parts:
an electrochemically related potential change induced by
a local electric field (�μc), and a mechanically related
potential change induced by the deformation of the SE
(�μm).

To obtain the closed-form criterion for stable elec-
trodeposition, a cosine shape with amplitude a and half-
wavelength b is adopted to describe the geometry of the
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(a) (b) (c) (d)

FIG. 1. Schematic of the process for electrodeposition. (a) Initial state with an interfacial defect. (b) New depositions fill the defect.
(c) Stable electrodeposition. (d) Dendrite formation induced by unstable electrodeposition.

defect. A Cartesian coordinate system is located at the
interface, as shown in Fig. 2. Under an applied electric
field, E0, lithium ions are driven to deposit at the interface.
Due to the existence of the interfacial defect, excess elec-
trons accumulate on the protrusion and create an amplified
local electric field by drawing more metal ions around
the peak of the defect. The difference in mass transport
between the peak and valley induces a nonuniform over-
potential, which, in turn, results in an electrochemical
potential change.

In SEs, the distribution of electric potential is governed
by the Laplace equation. By considering the generalized
form of the Laplace equation and the axisymmetric nature
of the applied electric field, the distribution of electric
potential, ϕ, obeys the following law:

ϕ = E0[y − X exp(−Yy)cos(Yx)] + Z, (4)

where X, Y, and Z are unknown constants to be determined
by the boundary conditions. Since the electric potential at

FIG. 2. Schematic of electrodeposition at the interface with a
defect.

the valley is ϕ|x=b/2,y=0 = ϕvalley, the values of Y and Z are

Y = π

b
, Z = ϕvalley. (5)

Matsushita et al. [35] revealed that the flux of lithium ions,
J, was proportional to the electric potential gradient:

J ∝ dϕ

dn
≈ E0

{
1 + X

π

b
exp

[
−π

b
y
]

cos
(π

b
x
)}

. (6)

Thus, the ratio of fluxes at the peak and valley, Jpeak and
Jvalley, can be expressed as

Jpeak

Jvalley
= 1 + X

π

b
exp

[
−π

b
a
]

. (7)

Take the equilibrium potential as zero for the reference
state. Based on the Butler-Volmer equation, the electro-
chemical potential change at the valley can be expressed
as

�μc
valley = −RT

αa
ln

i
i0

. (8)

After being combined with Eq. (4), the electrochemical
potential change at the peak is given by

�μc
peak = �μc

valley − zF(ϕpeak − ϕvalley) = �μc
valley

− zFE0

[
a − X exp

(
−π

b
a
)]

. (9)

Thus, the ratio of electrochemically related potential
change at the peak and valley, �μc

peak and �μc
valley, is

�μc
peak

�μc
valley

= 1 + zFE0

�μc
valley

[
X exp

(
−π

b
a
)

− a
]

. (10)

The electrochemical potential is approximately propor-
tional to ionic flux under a small current density. Thus,
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the relationship between chemical potential change and ion
flux at the peak and valley satisfies [36]

�μc
peak

�μc
valley

= Jpeak

Jvalley
. (11)

Substituting Eqs. (7) and (10) into Eq. (11) gives the value
of X :

X = a
1 − (πμc

valley/zFbE0)
exp

(π

b
a
)

= a
1 − (πηc

valley/bE0)
exp

(π

b
a
)

. (12)

Typically, in solid-state batteries, the electric field, E0, is
as large as about 105–106 V/m; the defect size is about
10−6 m; and the overpotential, ηc

valley, is as small as about
10−2 V. For simplicity, the term (πηc

valley/bE0) ≈ 0.1 is
negligible, and the difference in �μc at the peak and valley
can be approximated as

�μc
peak − �μc

valley ≈ πa
b

�μc
valley = − πa

bαa
RT ln

i
i0

.

(13)

Since the current density is larger than the exchange cur-
rent density during electrodeposition, Eq. (13) implies that
the electrochemically related variation, �μc, gives rise to
unstable electrodeposition, �μc

peak − �μc
valley < 0.

In solid-state batteries, the potential change associ-
ated with the mechanical effect, �μm, corresponds to
the change in the mechanical deformation energy of the
system due to electrodeposition reactions. Based on the
work-energy principle, the change in mechanical defor-
mation energy equals the work done by interfacial stress
without taking account of the dissipative energy. Thus,
�μm is given by

�μm = ∂(Wanode + WSE)

∂n

= − ∂

∂n

(∫ Vanode+(∂Vanode/∂n)n

Vanode

σ	
anodedV

− +
∫ VSE+(∂VSE/∂n)n

VSE

σ	
SEdV

)
,

= −σ	
anode

∂Vanode

∂n
− σ	

SE
∂VSE

∂n
, (14)

where n is the amount of reaction; Wanode and WSE are the
work done at the anode and the SE by interfacial stress,
respective; Vanode and VSE are the volumes of the anode
and the SE, respectively; and σ	

anode and σ	
SE are the normal

stresses of the anode and the SE at the interface, respec-
tively. During the electrodeposition process, metal ions

transfer from the SE to the anode, which gives

∂Vanode

∂n
= VM,

∂VSE

∂n
= −VMz + , (15)

where VM is the molar volume of the anode; VMz+ is the
molar volume of Mz+ in the SE. We assume that the normal
stress of the anode and the SE at the interface is continuous
(i.e., σ	

anode = σ	
SE = σ	). Thus, Eq. (14) can be rewritten as

�μm = −σ	(VM − VMz+). (16)

The difference in potential change at the peak and valley
can be expressed as

�μm
peak − �μm

valley = −(σ	
peak − σ	

valley)(VM − VMz+),
(17)

where σ	
peak and σ	

valley are the normal stresses of the
peak and valley at the interface, respectively. It has been
reported that the peak stress is much larger than the val-
ley stress due to the stress concentration at the tip, and the
maximum stress at the peak is the material strength of the
SE. Thus, the difference in �μm at the peak and valley can
be simplified as

�μm
peak − �μm

valley ≤ Kc√
πa

|VM − VMz+|, (18)

where Kc is the mechanical fracture toughness of the
SE; |VM − VMz+| denotes the absolute value, ensuring that
the difference in the molar volume of the anode and SE
remains positive.

Typically, for a polymer SE, VM − VMz+ < 0, the
increasing volume of new deposits fails to offset the shrink-
ing volume of the SE and results in tensile stress at the
interface (σ	 > 0); for an inorganic SE, VM − VMz+ > 0,
the increasing volume of new deposits overcompensates
for the shrinking volume of the SE, leading to compres-
sive stress at the interface (σ	 < 0). Thus, Eq. (18) indi-
cates that the mechanically related change, �μm, always
suppresses dendrite growth and ensures stable electrode-
position for both polymer and inorganic SEs, �μm

peak −
�μm

valley ≥ 0.
Equations (13) and (18) indicate that the resulting

electrodeposition represents a balance between the elec-
trochemically and mechanically related electrochemical
potential changes (for more details, see Sec. I within the
Supplemental Material [37]). Substituting Eqs. (13) and
(18) into Eq. (3) gives the critical condition for stable
electrodeposition:

ln
icritical

i0
≤ bαa

aπRT
Kc√
πa

|VM − VMz+|, (19)

where icritical denotes the CCD for stable electrodeposi-
tion. Equation (19) reveals that the interfacial defect size,
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(a) (b)

FIG. 3. (a) Comparison of the CCDs from theoretical and published results for typical SEs. (b) CCD map of typical SEs in terms of
the fracture toughness and the exchange current density for a given defect size of b/a = 2.

material, and molar volume of the SE are fundamentally
responsible for stable electrodeposition.

III. RESULTS AND DISCUSSION

To validate the robustness of the theoretical prediction,
we take lithium-metal batteries with several representative
SEs as examples. The physical parameters of various SEs
used in the analyses are listed in Table S1 within the Sup-
plemental Material [37]. Since the defect size of each SE
is diverse and even unavailable in most existing works,
we refer to reported data of surface defects in the garnet-
type SE (i.e., LLZO), and select the same values (i.e.,
b/a = 1 and 2) for all the SEs in the calculations.

Figure 3(a) compares the predicted and experimental
CCDs of typical SEs. For inorganic SEs [e.g., LLZO
and Li6PS5Cl (LPSCl)], all the theoretical results are
distributed around the diagonal, indicating that our the-
ory provides excellent estimates of the CCDs, while,
for polymer SEs (e.g., PEO), some quantitative differ-
ences between the predicted and published results can be
observed. It is well known that polymer SEs have bet-
ter interfacial contact with the anode than inorganic SEs,
owing to their good shape flexibilities. Thus, adopting the
same defect sizes as in inorganic SEs underestimates the
predicted CCD values of polymer SEs.

Based on the criterion for stable electrodeposition, we
conduct a CCD mapping of different SEs in terms of the
fracture toughness and the exchange current density for
a given defect size of b/a = 2 [Fig. 3(b)]. It shows that
the garnet-type SEs and PEO-based polymer SEs fail to
achieve stable electrodeposition under high current den-
sities due to the low exchange current density and poor
toughness, respectively. Only LiPON has the potential
to meet the current density (10 mA/cm2) required for
the fast-charge goal of the Advanced Research Projects
Agency-Energy [55]. The excellent fracture toughness and

exceptional exchange current density make LiPON the
only electrolyte reported so far that has been able to avoid
dendrite penetration over extended cycling [56].

Equation (19) reveals that the interfacial defect is the
main concern of stable electrodeposition for a given SE. To
further explore the effect of defect size, in situ transmission
electron microscopy (TEM) experiments are performed to
observe dynamic electrodeposition at the Li|LLZO (Ta-
doped) interface. The in situ TEM experiment is carried
out inside an FEI Talos-F200s transition electron micro-
scope at an accelerating voltage of 200 kV. The transition
electron microscope is equipped with a TEM-STM holder,
allowing for piezo-driven manipulation and electrical bias-
ing. Ta-doped LLZO is selected as the representative SE.
The density and ionic conductivity of sintered samples are
5.5 g cm−3 and 6.9 × 10−4 S cm−1, respectively. In a glove
box filled with Ar gas, a Cu rod attached to Li metal is
pressed onto the LLZO particles, allowing it to semisub-
merge in the Li metal. Then, the Cu rod is mounted on one
end of the holder. On the other end, a Cu probe is mounted
to serve as a working electrode, which is manipulated to
form a contact with LLZO to assemble a solid-state battery.
Finally, a constant bias voltage is applied to the Li metal
counter electrode to initiate the Li deposition process, as
shown in Fig. 4(a).

A Cu probe is in contact with LLZO to collect the cur-
rent. Since the collected current is the local current at the
defects in the experiments due to the point contact between
the probe and LLZO, the corresponding average current
density, icritical, is obtained as icritical = I/S, where I is the
current collected by the probe and S is the contact area
between the LLZO single crystal and lithium metal. The
area of the selected LLZO crystal is estimated to be in the
range of 39–125 μm2. Thus, the contact area, S, is set as
80 μm2.

Figures 4(b)–4(d) show that lithium metal gradually
deposits and propagates laterally from the contact point
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(a)(b) (c) (d)(a)

FIG. 4. (a) Schematic of electrodeposition at the Li|LLZO (Ta-doped) interface for in situ transmission electron microscopy
observation. (b)–(d) Dynamic electrodeposition process at a perfectly defect-free surface (b/a = ∞).

when the copper tip is in contact with a perfectly
defect-free surface (b/a = ∞). Even at a high average
current density of 1 A/cm2 (far larger than the CCD of
LLZO in Refs. [26,27]), no dendrite is observed, and the
cell remains uniformly deposited during the experiment.

Figure 5 shows the dynamic electrodeposition process
with different defect sizes observed by in situ TEM, and the
corresponding measured I -t curves. Detailed experimen-
tal results are listed in Table S2 within the Supplemental
Material [37]. Taking the unstable electrodeposition case
as an example [as shown in Fig. 5(a)], a Cu probe is
initially brought into contact with an isolated LLZO par-
ticle and a high voltage of 3 V is applied at t = 4 s.
Under the mechanical constraint, the rapid accumulation
of lithium atoms leads to the generation of significant
stress, which, in turn, gives rise to the abrupt formation
of two defects (b/a = 0.4 and b/a = 0.83, as indicated by
the outlined circle). This occurrence is accompanied by
a prominent peak in the recorded I -t curve [depicted as
the blue line in Fig. 5(b)]. In the presence of two initial
defects, dendrite growth occurs gradually, accompanied
by the opening of defects upon subsequent lithium intru-
sion. This phenomenon corresponds to another notable
peak in the recorded I -t curve [depicted as the red line in
Fig. 5(b)]. However, for the stable electrodeposition cases
[Figs. 5(c) and 5(e)], no dendrites are observed, even under
high current shocks [depicted as the blue lines in Figs.
5(d) and 5(f)], and the cell remains uniformly deposited
during the experiment. In Fig. 5(g), despite a large cur-
rent shock leading to the generation of an initial defect
(b/a = 3.3) at t = 2.4 s, no dendrite penetration is observed
under the subsequent applied current density [57] [depicted
as the blue and red lines in Fig. 5(h)]. By summarizing the
experimental results and relevant data, we create a stabil-
ity diagram in terms of the CCD and the defect size (for
more details, see Sec. III within the Supplemental Material
[37]). It shows that the theoretical predictions agree well

with the experimental observation that the CCD decays
exponentially with the defect size.

Compared with single-crystal SEs, polycrystalline SEs
are far more widely used in solid-state batteries, owing
to their easy processability. Quantitatively estimating the
effect of grain boundaries on the CCD is challenging
through experimental means, because it is difficult to
ensure the same roughness in SE samples to eliminate the
effect of interfacial defects. Hence, we adopt molecular
dynamics (MD) simulations to reveal the grain bound-
ary effect on the CCD. Single-crystal and polycrystalline
LLZO molecular models are established with sizes of
21 × 21 and 23 × 23 nm2, respectively. To mimic the
experimental procedure, an electric potential of 1.0 V/nm,
corresponding to a current density of about 103 A/cm2,
is applied to drive lithium ions to deposit at the inter-
face. Note that due to constraints in length and timescales
within MD simulations, an exceptionally high current den-
sity, exceeding practical levels, is utilized to accelerate the
electrodeposition process.

All MD simulations are performed by using the large-
scale atomic-molecular massively parallel simulator pack-
age [58]. The interactions between the SE (LLZO) atoms
are modeled with the Buckingham-Coulomb potential
[59]; the interactions between Li-metal atoms are mod-
eled with the second-nearest-neighbor embedded modified
embedded-atom method (MEAM) force field [60]. The
interactions between the atoms from lithium metal and
LLZO are described using the universal force field [61].
Periodic boundary conditions are applied in the directions
parallel to the initial dendrite, and the other direction is
left as a free boundary. A virtual wall is added to the top
and bottom of the system to limit its displacement in the
y direction. MD simulations are performed in the NPT
ensemble for the direction with periodic boundary condi-
tions and the NVT ensemble with free boundary conditions;
the temperature is set at 300 K. Lithium ions around the
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(a)

(c)

(e)

(g) (h)

(b)

(d)

(f)

FIG. 5. Dynamic electrodeposition process with different defect sizes observed by in situ TEM, and the corresponding measured
I -t curves. (a),(b) Unstable electrodeposition process with defect sizes of b/a = 0.4 and b/a = 0.83, and corresponding measured
I -t curves; (c)–(h) Stable electrodeposition process with defect sizes of b/a = 2.1, b/a = 2.7, and b/a = 3.3, and the corresponding
measured I -t curves.

lithium-metal atoms with a radius of 2 Å will be trans-
formed into lithium-metal atoms to simulate the deposition
process.

Figures 6(a) and 6(b) compare the electrodeposition
behaviors in the single-crystal and polycrystalline SEs in
the presence of the same preexisting defect size (i.e., b/a =
2). For the polycrystalline SE, the deposited lithium atoms
are driven into the grain boundaries, initiating dendrite
propagation; while for the single-crystal SE, the deposited
lithium atoms prefer to plate the surface accompanied
by stable electrodeposition. The different behaviors

can be attributed to the inherent brittleness of grain
boundaries. According to the MD simulation, with a defect
size of 1.5 nm, the maximum stresses of single-crystal and
polycrystalline LLZO under type I loading are 11.1 and
8.5 GPa, respectively. The type I fracture toughness, KIC,
can be calculated as [62]

KIC = 1.12σ
√

πa. (20)

The calculated fracture toughness of polycrystalline
LLZO is 0.66 MPa m0.5, about 22% loss of that compared
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(a)

(b)

(d)

(e)

(f)

(c)

0 ps

0 ps

0 ps

0 ps

350 ps

350 ps

350 ps

1500 ps

FIG. 6. (a),(b) Molecular dynamics simulations of electrodeposition at the interface for single-crystal and polycrystalline LLZO
with the same defect size of b/a = 2, respectively. (c) Relationship between strain and stress of single-crystal and polycrystalline
LLZO under type I loading. (d),(e) Molecular dynamics simulations of electrodeposition of single-crystal and polycrystalline LLZO
with defect sizes of b/a = 0.33 and b/a = 6, respectively. (f) Stability diagram in terms of the CCD and defect size when considering
the grain boundary effect.

to the single crystal [Fig. 6(c)], which, in turn, weakens the
mechanical blocking effect, resulting in a reduced CCD.

Based on the simulated results and the obtained crite-
rion [Eq. (19)], we construct a stability diagram, as shown
in Fig. 6(f), in terms of the defect size and the current
density ratio, icritical/i0. The stability diagram is divided
into three regions. The stable region can be activated at
a low charging rate with a small defect size [Fig. 6(e)],
while the unstable region is the opposite [Fig. 6(d)]. Out of
the two regions, there is an intermediate region controlled
by the grain boundary, wherein it is possible to stabilize
electrodeposition by replacing a polycrystalline SE with
a single-crystal one. Note that the chemical composition
of the LLZO surface plays a crucial role in its interac-
tion and lattice compatibility with lithium metal, thereby
influencing the deposition behavior of lithium ions. How-
ever, in this study, SE cracking is attributed to substantial
pressure within dendrites, reaching up to 10 GPa. Under
this immense pressure, lithium metal adopts an amorphous
state, facilitating improved contact and lattice matching
with various LLZO surfaces. This phenomenon ensures the

stable deposition of lithium metal, effectively mitigating
the impact of interfacial components.

In light of the above description, several design prin-
ciples for the stabilization of metal electrodeposition in
solid-state batteries have been proposed. First, with respect
to the interface between the metal anode and SE, sur-
face treatments that improve the adhesion of the metal
anode to SEs are beneficial for lowering the interfacial
defect size. In the same vein, mechanical polishing, applied
stack pressure, and coating a thin buffer layer can also
improve physical contact and promote stable electrode-
position. Similar arguments have also been mentioned in
previous works [63], but, herein, we go a step further and
reveal a quantitative relationship between the critical cur-
rent density and the defect size. This is a significant step for
the practical design of solid-state batteries. Second, with
respect to the mechanical properties of the SE, it is wise
to choose a SEs with high fracture toughness or increase
the mechanical properties by carefully controlling the grain
size, porosity, and preexisting cracks. Finally, polymer-
inorganic composite electrolytes are preferable since the
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rigid inorganic particles can improve the fracture tough-
ness and the soft polymer matrix provides an outstanding
interfacial compatibility with metal anodes.

IV. CONCLUSION

A theoretical model has been developed to bridge the
gap between electrochemistry and mechanics in the elec-
trodeposition of SEs to shed fresh light on our quantitative
understanding of dendrite growth in SEs. A closed-form
criterion for stable electrodeposition is given. In combi-
nation with in situ experiments and molecular simula-
tions, the analysis shows that the defect size, partial molar
volume, and the fracture toughness of the SE are fun-
damentally responsible for unstable electrodeposition. In
addition, the low CCD of polycrystalline SEs is attributed
to the inherent softening in toughness of grain bound-
aries. This work provides guidance for the rational design
of solid-state batteries and suggests that minimizing the
preexisting defect size is quite important for achieving
outstanding performance.
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