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Electrode morphology critically determines the stability and efficiency of lithium metal anodes, yet no
predictive framework has explained how measurable parameters control deposition. Here we introduce the
first theoretical model of electrochemical Ostwald ripening, capturing the competition between electro-
plating and surface-energy-driven redistribution and identifying it as the governing process behind
morphology evolution in the nondendritic regime. The framework explicitly incorporates solid electrolyte
interphase (SEI) resistance, electrolyte conductivity, electrode wettability, and current density, revealing
the transition from a 2D SEI-limited to a 3D electrolyte-limited growth. The model yields analytical
expressions for nucleus size, density, and distribution that quantitatively reproduce independent
experimental results and establishes a direct link between plating conditions, morphology, and Coulombic
efficiency. By providing experimentally accessible relationships between key parameters and deposition
outcomes, the framework enables a predictive understanding of lithium plating and provides a broadly
applicable basis for controlling electrodeposition morphology across diverse electrochemical systems.
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I. INTRODUCTION

The morphology of electrodeposited lithium is a critical
factor in the Coulombic efficiency (CE) and lifespan of
lithium metal batteries [1]. Irregular deposition accelerates
solid electrolyte interphase (SEI) degradation, increases
electrolyte consumption, and raises the risk of short
circuits—all of which contribute to battery failure [1–3].
Conversely, smooth and compact lithium deposits improve
cycling stability by reducing side reactions and ensuring
uniform lithium utilization. Beyond batteries, metal dep-
osition morphology is also critical in general galvanic
coatings, where surface roughness and deposit uniformity
influence properties such as corrosion resistance, adhesion
strength, and electrical conductivity [4].
Metal deposition can be broadly divided into dendritic

and nondendritic regimes. In the dendritic regime, rapid
ion depletion near the electrode surface drives growth
into needle-like dendrites [5,6], posing immediate safety
risks. The nondendritic regime, by contrast, corresponds
to practical operating conditions and is the main focus
of this work. Here, deposition proceeds more gradually
and is generally described as a two-stage process: during

nucleation, new nuclei form and their initial distribution is
established; during subsequent growth, existing nuclei
expand while little additional nucleation occurs [7,8].
Classical nucleation theory predicts that large nuclei are

statistically suppressed due to the ∼r−2 dependence of the
Zeldovich factor [9], favoring the formation of small initial
clusters under low overpotential η. The critical nucleus
size for lithium is approximately r� ∼ 2σVm

RT (around 18 nm
[10]), where σ is the metal-electrolyte surface energy.
Experimentally observed nuclei, however, are often much
larger, indicating that growth processes dominate shortly
after nucleation under practical conditions [8], highlight-
ing the central role of the growth phase in determining the
final deposition morphology.
In classical models, growth is assumed to proceed

without dissolution of nuclei, which leads at constant
current to a linear increase in volume, r3 ∼ it. This
simplified picture omits redistribution processes driven
by surface energy minimization, commonly known as
Ostwald ripening, in which larger nuclei grow at the
expense of smaller ones [11,12] (see Fig 1). However,
ripening is crucial for two reasons. First, it accounts for the
experimentally observed decrease in nucleation density
during the early stages of lithium deposition [13,14] and
reflects similar observations in other metal systems,
including sodium-ion batteries [15–17], where redistrib-
ution promotes smoother, denser deposits. Second, the
interplay between electroplating and redistribution current
proves necessary to explain the roles of key parameters
such as SEI and electrolyte resistivity, metal-electrode
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interfacial energy, and current density in shaping the final
morphology. This addresses an important theoretical gap;
although these factors are experimentally known to influ-
ence lithium electrodeposition, with lower values gener-
ally improving cell life [18–22], the mechanisms by which
they exert their effects have remained elusive.
A key implication of deposition morphology is its

impact on Coulombic efficiency and battery lifespan
[1,23], as a higher surface-to-volume ratio of the lithium
deposit accelerates parasitic processes. The morphology at
the point of full electrode coverage is particularly decisive,
as it defines the subsequent evolution of lithium growth. A
simple illustration is provided by the SEI-passivated
column model [24], where once the electrode surface is
fully covered, further lithium growth proceeds only in
the vertical direction, with columns isolated by the SEI
retaining their initial diameters at the coverage point.
Even when the morphology becomes more complex—
for example, when a softer SEI allows partial fusion of
neighboring columns and the formation of voids filled with
trapped SEI and electrolyte [25]—the initial state still fully
determines the subsequent evolution.
In this study, we derive a theoretical framework that

explicitly incorporates electrochemical Ostwald ripening
into the description of lithium electrodeposition, demon-
strating its previously unrecognized yet decisive role in
determining plating morphology in the nondendritic
regime. The model quantifies how deposition conditions
and cell parameters—such as SEI and electrolyte resis-
tances, surface energy, and plating current—govern the

evolution of deposit structure prior to full electrode surface
coverage, while the predicted nuclei sizes at this critical
point are shown to correlate with CE. Theoretical results
closely agree with experimental observations across
multiple datasets. Although developed for lithium metal
anodes, the framework is broadly applicable to other metal
electrodeposition processes, providing a unified basis for
understanding and controlling metal morphology across
diverse technologies.

II. GENERAL SYSTEM DESCRIPTION

In the classical Ostwald ripening theory of Wagner,
Lifshitz, and Slyozov (WLS) [11,12], the governing equa-
tions are derived directly from the diffusion equation. For
electrochemical systems, however, this approach is less
practical [26], as it introduces redundant parameters—
particularly for the SEI—that are difficult to measure
experimentally. Instead,we adopt aBarton-type formulation
[5], which can be directly related to the WLS theory but
relies only on experimentally accessible material constants.
In our framework, the total overpotential is expressed as the
sum of electrodic, diffusive, and surface energy contribu-
tions [5]. In the low-current-density regime, the deviation of
the nucleus free energy from equilibrium remains small,
allowing the electrodic and SEI overpotentials to be linear-
ized and expressed using Ohm’s law [5,26,27]. The total
overpotential can then be written as

η ¼ in
i0

RT
F

þ inRSEIStot þ
inrRT
DC∞F2

þ 2σVm

Fr
: (1)

Here in is the current density at the nucleus surface, i0 is the
exchange current density, and F is the Faraday constant.
RSEI is the SEI resistance, and Stot is the total SEI surface
area. D and C∞ are the lithium ion diffusivity and bulk
lithium ion concentration of the electrolyte, respectively.
The diffusive overpotential follows from the concentration
overpotential in the dilute-solution limit. Using the diffu-
sion-limited current density ilim ¼ DC∞F=r, the concen-
tration overpotential becomes RT

F
in
ilim

¼ inrRT
DC∞F2, which is the

form originally introduced by Barton and Bockris [5]. The
final term, 2σVm

Fr , accounts for the additional overpotential
contribution from the surface energy of the lithium nuclei.
The electrodic and SEI terms can be further combined

using a single corrected resistance-area product R=κ ¼
RT
i0F

þ RSEIStot, where κ½Ω−1 m−2� is a free parameter
introduced solely for later notational convenience. The
SEI term can vary between 10−1 and 103 Ω cm2 [21,28,29]
and often dominates the smaller electrodic term with
high characteristic exchange current density values i0 on
the order of 102–103 A=m2 [22,30]. Relating the rate of
change of the nucleus radius as in ¼ 3Fv

Vms
dr
dt, where v ¼

π
3
ð2þ cos θÞð1 − cos θÞ2 and s ¼ 2πð1 − cos θÞ are the

FIG. 1. Ostwald ripening framework mediating the influence
of key factors on lithium morphology. The central sequence
illustrates the evolution from an initially broad distribution of
small nuclei to a final morphology dominated by larger ones,
highlighting the growth of larger nuclei at the expense of
smaller ones.
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volumetric and surface shape factors for a hemispherical
shape (see Supplemental Material Note 1 [31]) allows
Eq. (1) to be rewritten as an evolution equation for the
nucleus radius. Introducing the dimensionless variables

(ρ ¼ RT
2σVm

r, ρs ¼ RT
Fη, τ ¼ κðRTÞ2

6σF2
s
v t, and ω ¼ 2σVmκ

DC∞F2) and

collecting the dimensional prefactors yields the dimen-
sionless equation of motion:

vρ ¼
dρ
dτ

¼ 1

Rþ ωρ

1

ρs
− 1

ρ
(2)

Equation (2) describes the dynamics of the nucleus size
evolution. Nuclei smaller than the limiting radius ρsðτÞ,
indicated as yellow nuclei in Fig. 1, dissolve, while nuclei
bigger than ρs grow. Importantly, the limiting radius ρsðτÞ
itself is a growing function with time, such that increas-
ingly bigger nuclei start being dissolved as the system
evolves. An interesting consequence of Eq. (2) is the
emergence of mixed-dimensional behavior in nuclei
growth during Ostwald ripening. At early stages (or under
high SEI resistivity conditions, R ≫ ωρ), the growth
dynamics are governed primarily by the effective surface
resistivity, which combines charge-transfer and SEI trans-
port contributions, and the system exhibits an effective
dimensionality of n ¼ 2. In contrast, at later stages (or
under low SEI resistivity, ωρ ≫ R), the electrolyte-
diffusion contribution becomes dominant, and the system
transitions to behavior consistent with the n ¼ 3 dimen-
sional Ostwald ripening equation of motion. Both limits,
by choosing the appropriate κ such that R ¼ 1 in the two-
dimensional case and ω ¼ 1 in the three-dimensional case,
can be unified into a generalized form

vρ ¼
dρ
dτ

¼ 1

ρn−1

�
ρ

ρs
− 1

�
: (3)

Following Lifshitz-Slyozov [11], we further introduce the
nuclei size distribution function fðρ; τÞ, which fulfills the
continuity equation

df
dτ

þ d
dρ

ðfvρÞ ¼ 0. (4)

In the constant current regime, mass conservation is
expressed as

j ¼ 1

τ

Z
∞

0

fðρ; τÞρ3dρ ¼ 3

Z
∞

0

fðρ; τÞvρρ2dρ; (5)

where j ¼ Fi
κRT

3
s is the dimensionless ion flow. Notably, it is

the use of the constant-current assumption in Eq. (5),
replacing the constant-volume restriction employed in
previous works, that gives rise to the new phenomena
explored in this paper (see Supplemental Material Note 2
[31] for the differences).

III. ASYMPTOTIC LIMITS

The solutions of the systems of Eqs. (2)–(5) are
discussed in three relevant limiting cases (Fig. 2(a),
Supplemental Material Note 2 [31]). First, for high current
densities j or high total charge-transfer resistance, the term
1
ρs
becomes dominant in the nucleus growth vρ and ripening

becomes negligible. In this regime, provided dendritic
formation conditions have not been reached, nucleus
growth proceeds, conserving the nucleus number density.
As a result, the size distribution fðr; tÞ evolves primarily
through a shift of its center—moving toward larger radii,
while its shape is approximately preserved [33] (see
Fig. 2(a), Supplemental Material Note 2 [31]). In this
case, final morphology depends neither on plating current
nor on SEI or electrolyte resistivity but is solely deter-
mined by initial nucleation density and the total plated
lithium volume. We estimate that this no-ripening regime
occurs when the total charge-transfer resistance satisfies
ðRþ ωÞ=κ ≫ RT

iF ≈ 26 Ω · cm2 for i ¼ 1 mA=cm2 at
300 K, by comparing the surface-energy term with the
charge-transfer resistance and assuming a characteristic
nucleus size at nucleation of ρ� ∼ 1 (or r� ∼ 18 nm for
lithium). Given that SEI and electrolyte resistance are
often relatively low, this suggests that ripening is likely
active under most practical conditions and becomes even
more prominent at elevated temperatures, which indirectly
was observed in Ref. [21].
For the converse limiting case of low or moderate total

charge-transfer resistance, the system’s behavior critically
depends on the dimensionalityn. In the second limiting case,
the 3D ripening regime (low SEI resistance,R ≪ ωρ), the
size distribution narrows over time and ultimately collapses
into a delta function (see Fig. 2(a), and f∞3D in Supplemental
Material Note 2 [31]). Simultaneously, the nuclei densityN
remains constant while the mean nucleus volume grows
linearly with time, hρ3i ∼ jτ [34]. This behavior has been
observed in galvanicmetal depositionwithout SEI [4] and is
often described as narrowing of the size distribution at later
stages of metal deposition [35].
Finally, for the 2D regime (high SEI resistivity,

R ≫ ωρ), which is, as will be motivated later, most
relevant for lithium batteries, the distribution function
takes a self-similar form and becomes independent of
the initial distribution:

f∞2D ¼ 5.19j
ρ

ð ffiffiffiffiffi
2τ

p − ρÞ3 exp
 ffiffiffiffiffi

2τ
p

ρ − ffiffiffiffiffi
2τ

p
!

(6)

(see also Fig. 2(d) and Supplemental Material Note 2 [31]
for the derivation). Interestingly, the emergence of an
asymptotic self-similar regime is also consistent with
recent numerical studies based on the full nonlinear
Butler-Volmer formulation of Ostwald ripening [36].
Similarly, the nuclei density does not depend on the initial
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nucleation density and follows the relation:

N ≈ 1.35
jffiffiffi
τ

p ðρ=rÞ2 ≈ 2.48
F2

V2
m

�
RSEIStot

σ

1

s

�3
2 i

ffiffiffi
v

pffiffi
t

p ; (7)

while the mean nucleus size is given by

hri ≈ 0.844
ffiffiffi
τ

p ðr=ρÞ ≈ 0.689
Vm

F

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tσ

RSEIStot

s
v

r
: (8)

Importantly, the expected nucleus radius is independent
of the current density but is determined by the metal
surface energy and RSEI. The nucleation density depends
on all three parameters and decreases with time, which
at the same current ensures faster growth of the nucleus
size r compared to the 3D case [Fig. 2(b)]. Additionally,
both nucleation density and growth rate depend on the
metal/electrode contact angle θ, which determines the
nucleus surface-to-volume ratio. The growth rate reaches
its minimal value at θ ¼ 120° [Fig. 2(c)], as the smaller
contact angles ensure denser lithium plating and larger
nucleus sizes [18]. Experimentally, the contact angle spans
a wide range depending on the substrate material and

surface chemistry. For chemically inert substrates, it varies
from strongly lithiophobic surfaces, with contact angles
exceeding 130° for materials such as C, Ni, Mo, and
Ti [37] to lithiophilic ones, such as Au (∼50°) [37] or 30°
for monolayer amorphous carbon [38]. We remark that, in
order to compare with experimental data, the apparent
nucleus size should be rescaled as rapparent ¼ αr, where
α ¼ sin θ for contact angles θ < 90° and α ¼ 1 for
θ ≥ 90° (Fig. 1).
As noted above, the system is expected to evolve

from a 2D to a 3D regime, during which the nucleus
size distribution undergoes a distinct transformation.
Initially, in the 2D regime, the distribution broadens,
leading to a wide range of nucleus sizes [left part of
Fig. 2(d)]. However, as the bulk electrolyte resistivity
becomes more dominant compared to the SEI resistivity,
the distribution gradually narrows, and in the asymptotic
limit, the distribution approaches a δ function, character-
istic of classical diffusion-controlled deposition [right part
of Fig. 2(d)].
The characteristic moment of regime switching can be

estimated from the condition ρswω ¼ R. In lithium bat-
teries, it is estimated to range from 100 μm to 10 mm,
based on values of RSEI and D from Refs. [13,29,39].

(d)

2D regime 3D regime

(b) (c)(a)

r (nm)

high j

low j

no  ripening

101 103 105 107 109

3D
2D

(a
rb

.u
ni

ts
)

(arb.units)

FIG. 2. Comparison of 2D and 3D behavior in constant-current electrochemical Ostwald ripening. (a) Phase diagram showing the
2D/3D and no ripening regimes. The left and right dotted lines mark approximate nuclei sizes at nucleation and at full coverage.
(b) Time evolution of average nucleus size (hri, top) and nucleation density (N, bottom) in both 2D and 3D regimes. (c) Shape
parameter (v=s) as a function of contact angle (θ). Inset: Comparison of hri [in units of Vm=F

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σRSEIStot

p
from Eq. (8)] for two different

contact angles. (d) Time evolution of the nucleus size distribution: initially following the f∞2D profile, the system gradually transitions to
a 3D regime with a narrowing distribution. Different time steps are color-coded; insets illustrate the evolving surface coverage.
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However, this range appears unreasonably large compared
to the characteristic feature sizes typically observed in
electrode morphology studies (which are usually on the
order of ∼100–101 μm). As a result, lithium batteries are
expected to operate purely in the 2D regime, and growth
under ripening proceeds until the electrode surface is
nearly fully covered and nuclei can no longer be treated
as isolated but rather as a fused, porous medium.
The nucleus size at this full-coverage point (rcov)

determines the “weakest point” in the electrode morphol-
ogy in terms of coverage density, which directly affects
battery longevity. In the SEI-passivated column model
[24], a simplified approach suggests that the quantity of
parasitic side products is approximately proportional to
the total exposed metal surface area. As a result, the
Coulombic inefficiency, 1 − CE, can be estimated as being
proportional to the nuclei surface-to-volume ratio, i.e.,
∼1=rcov. The upper limit of rcov can be estimated from
dense packing as πα2

R∞
0 fρ2covdρ ≈ π

2
ffiffi
3

p , which in the 2D

regime corresponds to the time moment α2
ffiffiffiffiffiffiffiffi
τcov

p ≈
0.278j−1. This, in turn, allows us to estimate the character-
istic nucleus radius rcov:

tcov ≈ 0.0773
1

α4j2
ðt=τÞ ≈ 0.0515

σ

i2RSEIStot

vs
α4

;

hrcovi ≈ 0.844
ffiffiffiffiffiffiffiffi
τcov

p ðr=ρÞ ≈ 0.156
σVms

FiRSEIStotα2
: (9)

We deduce that lower current, SEI resistivity, and
contact angle all contribute to a larger hrcovi, resulting
in lower surface area exposure, higher CE, and better
cycling stability—consistent with experimental observa-
tions [18,21]. While the initial nucleation stage and its
nucleation overpotential (NOP) are often highlighted as
key determinants of battery longevity, they do not explic-
itly appear in our framework. Nevertheless, we imply that
the NOP is indirectly governed by nucleus geometry:
lower θ results in wider and flatter nuclei and higher
electrode surface coverage for the same deposited lithium
volume, which reduces local current densities at nuclei
surfaces in. Lower in subsequently decreases the over-
potential, promoting the formation of a more conductive
SEI and reducing the final SEI resistivity (RSEI) [40,41].

IV. COMPARISON WITH EXPERIMENTS

Our predictions qualitatively align with previous exper-
imental observations, particularly regarding the effects of
SEI resistivity on nucleus size, hrcovi, and, consequently,
battery longevity. In addition, the observed decrease in
nucleation density [13] is predicted by our approach but
cannot be explained by the standard nucleation-and-
growth formalism [34]. To further validate our model
quantitatively, we directly compared the predicted average
nucleus size, size distribution, and Coulombic efficiency to

experimental data. Unfortunately, there are not many
studies that investigate all the aspects required for com-
parison with the model results. We identified two studies
[13,21] that provide extensive experimental data, making
quantitative validation possible. Both studies used a 1 M
LiTFSI in a DOL/DME electrolyte, with one varying cell
temperature [13] and the other varying current density and
deposited charges [21].
One of the most challenging aspects of experimental

interpretation is determining the correct value of RSEI.
Standard electrochemical impedance spectroscopy (EIS)
cannot distinguish RSEI from other resistive elements in the
equivalent circuit [29], leading to significant discrepancies.
The true value of RSEI can be several orders of magnitude
lower than the total charge-transfer resistance measured by
EIS. For example, in a 1 M LiPF6 in EC/EMC electrolyte,
RSEI measured under blocking conditions is 1.5 Ω ·cm2

[29], whereas conventional EIS reports a total resistance of
approximately 100 Ω ·cm2 [28]. To minimize this incon-
sistency, we assumed that RSEI follows an Arrhenius
relation, RSEI ¼ A expðEA

RTÞ, where EA was fitted to exper-
imental data (EA ¼ 32 kJ=mol, Supplemental Material
Note 3 [31]), leaving A as the only free parameter in our
model. This approach yielded consistent and reproducible
results, independently converging to RSEI ≈ 0.27 Ω ·cm2 at
300 K [42] for both referenced studies [13,21].
Predicted and experimentally observed average nuclei

sizes are in excellent agreement over a wide temperature
range (−20 °C to 30 °C) and plating current densities
(0.1–5 mA=cm2) [Fig. 3(a)]. The model also reproduces
the size distribution, capturing the characteristic tail in the
small-nucleus region [Fig. 3(b)], while the slight mismatch
in the large-nucleus tail is likely attributable to coalescence
effects [43]. Notably, we emphasize the clear linear
correlation between Coulombic inefficiency (1–CE) and

FIG. 3. Comparison of model predictions [Eqs. (7)–(9)] with
experimental data. (a) Nucleus radii (r) at different temper-
atures (T) [21] are shown as red squares. Temperature-dependent
variations in RSEI were obtained via Arrhenius fit of measured
values (see Supplemental Material Note 3 [31]). Blue squares
represent nucleus radii at different current densities (i) and
deposited charges [13]. (b) Experimental nucleus size distribu-
tion extracted from a large-area SEM image (Fig. S6(a) in
Supplemental Material [13,31]) is shown as a bar plot; the red
line depicts the theoretical 2D distribution f∞2D [see Eq. (6)].
(c) Experimentally measured Coulombic inefficiency (1-CE)
[21] vs calculated 1=rcov [Eq. (9)].

PREDICTIVE THEORY OF ELECTROCHEMICAL OSTWALD… PRX ENERGY 5, 033010 (2026)

033010-5



the inverse of the calculated characteristic radius at the
point of full electrode coverage, 1=rcov [Fig. 3(c), see the
discussion above Eq. (9)]. Overall, the strong correlation
between theoretical and experimental results validates the
accuracy and predictive power of our model. A detailed
discussion about our model’s limitation is presented in the
Appendix.

V. SUMMARY

In this work, we developed a theoretical framework
to describe the evolution of electrode morphology under
the competing influences of electroplating and surface-
energy-driven redistribution. The analysis reveals three
key asymptotic regimes. At high currents and large charge-
transfer resistance, ripening is negligible, and nuclei
volumes grow uniformly without material redistribution.
In contrast, at low charge-transfer resistance and current
density, Ostwald ripening dominates: in the surface-
resistance-limited 2D regime, this leads to broader size
distributions and decreasing nuclei densities, whereas in
the bulk-diffusion-controlled 3D regime, the distribution
gradually narrows under constant nuclei density. While
lithium batteries are expected to operate mainly in the 2D
regime, galvanic systems with lower (or without) SEI
resistivity are instead well described by the 3D asymptote
and may even exhibit the distinct transition from 2D to 3D
behavior.
We highlight in particular the analytical expressions

derived for the 2D regime. These relations connect nucleus
size, size distribution, and density to experimentally
accessible parameters such as RSEI, plating current, and
electrode wettability. Notably, the framework predicts
the characteristic nucleus radius (rcov) and the coverage
time (tcov) at which the electrode surface approaches full
coverage, the latter correlating directly with Coulombic
efficiency (CE), following 1 − CE ∼ 1=rcov. Validation
of our theoretical predictions against two independent
experimental datasets showed excellent agreement. Taken
together, our results establish a quantitative link between
key experimental variables and lithium plating morphol-
ogy, CE, and ultimately battery lifetime. In practical terms,
this translates into the following relationships:
Electrode wettability, determined by the metal/electrode

contact angle θ, controls the nuclei surface-to-volume
ratio. Lower θ increases surface coverage for the same
deposited charge, reduces effective current density at the
nuclei surface, and, in turn, lowers nucleation overpoten-
tial and SEI resistivity. While the dependence becomes
nonmonotonic for θ ≥ 90°, variations in this range have a
minor impact compared with the strong improvement
observed for θ < 90°, which approaches ideal surface
coverage as θ → 0.
SEI resistivity (RSEI) and current density (i) jointly

determine nuclei sizes and density. Varying both affects
the electrode coverage time as tcov ∼ ði2RSEIÞ−1. The

morphology at this point has a strong impact on
Coulombic efficiency and lifespan and is highly suscep-
tible to increases in current density (1 − CE ∼ iRSEI). After
coverage, sensitivity to i decreases, allowing higher
currents with less impact on performance. These results
provide an analytical framework for optimizing charging
protocols and estimating the trade-off between Coulombic
efficiency and charging speed.
While our study focused on lithium metal, the under-

lying principles apply broadly to metal electrodeposition
systems where surface morphology plays a critical role.
We anticipate that the analytical model presented here will
support more precise optimization of battery parameters,
ultimately contributing to improved battery performance
and lifetime.
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APPENDIX MODEL’S LIMITATION

Our model is constructed under idealized conditions: a
flat, homogeneous electrode surface, a uniform SEI layer,
and relatively low-current densities that preclude dendrite
formation. These assumptions define the principal limi-
tations of our theoretical framework.
The first key limitation is the requirement of relatively

low-current density to avoid tip-enhanced growth, which
can ultimately lead to dendrite formation. Specifically, the
model assumes that ion transport is sufficiently fast to
maintain quasiequilibrium over the characteristic size of a
growing nucleus. This condition holds when the local
current density at the electrode surface remains signifi-
cantly below the diffusion-limited current density [5,44].
The second limitation arises from SEI inhomogeneity.

In practice, the solid electrolyte interphase may exhibit
spatial variations in thickness, composition, and ionic
conductivity, stemming from initial electrode surface
irregularities or from mechanical degradation such as
cracking. These variations can lead to uneven local current
distribution and nonuniform lithium deposition. Notably,
lower initial SEI resistivity has been shown to reduce the
likelihood of subsequent SEI disruption [45]. However, it
is important to emphasize that if SEI inhomogeneities
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occur on a length scale smaller than the typical nucleus
size ρs (and do not induce dendritic growth), our model
remains applicable, subject to corrections to the geometric
shape factors s and v.
The third limitation involves substrate inhomogeneity.

Even under a spatially uniform electric potential across
a metallic substrate, local variations in crystallographic
orientation, defects, or grain boundaries can influence
the initial SEI formation and lithium nucleation. While
these effects can be pronounced during the nucleation
stage, their impact on subsequent growth diminishes if
the contact angle θ remains uniform across the surface,
since the growth phase is determined by nucleus, SEI, and
electrolyte properties. In cases of mild initial inhomoge-
neity, the initial perturbations typically average out during
growth, allowing the model to remain applicable. In
contrast, in strongly inhomogeneous systems—such as
passivated current collectors where lithium nucleation is
confined to rare, defective regions of a passivation layer
[46]—the initial nucleus density can be extremely low for
the ripening process, and the system remains in a non-
ripening regime throughout deposition.
The fourth limitation regards the assumption of spheri-

cal cap-shaped lithium nuclei. For very small clusters (on
the order of ∼10 nm), faceted geometries such as rhombic
dodecahedra are more thermodynamically preferable [47].
Yet as the nuclei grow, the energetic advantage of these
faceted shapes over simpler geometries diminishes [26],
and their morphology approaches that of truncated spheres
defined by the metal-substrate contact angle θ, which
reflects the balance of interfacial energies via Young’s
equation.
Finally, we note that lithium redistribution could, in

principle, occur along the electrode surface; however, this
pathway is unlikely to be significant beyond the initial
nucleation stage. Although a few reports have considered
such on-surface migration [48], its efficiency is expected
to be low: for surface migration, the effective cross-
sectional area of the transport channel scales as 2πrh,
where h is on the order of the Van-der-Waals diameter of a
lithium atom (≈2.24 Å), whereas the surface area of a
nucleus scales as ∼πr2. Unless the lithium diffusion
coefficient along the electrode surface is several orders
of magnitude greater than through the SEI—which seems
improbable given that the surface is typically fully passi-
vated before nucleation [49]—this redistribution channel is
unlikely to play a dominant role beyond the earliest stages.
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