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ARTICLE INFO ABSTRACT

Keywords: Unstable lithium (Li) deposition and dendrite formation limit the performance and safety of Li-metal batteries.
Li-metal batteries Although nanoscale surface roughness and intrinsic defects are known to influence interfacial morphology,
Dendrite suppression their coupled roles in nonlinear dendrite evolution remain poorly understood. Here, we employ high-resolution
Phase-field modeling nonlinear electrochemical phase-field simulations with adaptive mesh refinement to systematically investigate
11:14:;5?:;12 gryoi‘;;l:;zn how nanoscale roughness wavelength and amplitude, together with defect size and density, govern Li-
Defects metal interfacial stability. We find that roughness wavelength emerges as the primary control parameter for

interfacial stability. Shorter wavelengths suppress dendrite growth by increasing interfacial energy penalties
and altering ion transport, but this effect saturates below a critical wavelength set by roughness amplitude
and defect properties. At long wavelengths, increasing amplitude destabilizes the interface, while at short
wavelengths stability is maintained even at large amplitudes. Defect effects depend strongly on the background
roughness regime. At long wavelengths, moderate defect densities can disrupt background-driven instabilities
and reduce dendrite growth, whereas high defect densities or large defects promote localized current focusing
and accelerate growth. In contrast, when the background wavelength is stabilizing, dendrite length increases
monotonically with defect density. Comparison with linear stability analysis confirms its ability to predict
early-time wavelength selection, but also reveals its limitations in capturing the effects of finite-amplitude
roughness, defect interactions, and nonlinear coupling between transport and surface energy that govern
interfacial evolution at later times. These results demonstrate that nanoscale roughening, beyond simply
reducing defects, is an effective and tunable strategy for stabilizing Li-metal interfaces. By coupling nanoscale
wavelength, amplitude, and defect statistics, our simulations yield generalizable design rules and provide a
predictive framework for engineering Li-metal anodes.

1. Introduction solvation structure of Li-ions and resolve interfacial processes at atomic
and molecular length scales [18,19]; mesoscale models such as phase-
field frameworks [20-23] and kinetic Monte Carlo approaches [24,
25] that capture mesoscale morphological evolution under coupled

electro-chemo-mechanical effects [26]; continuum-scale transport and

Lithium-metal batteries (LMBs) offer exceptionally high energy den-
sity but remain constrained by unstable metal deposition and the
formation of lithium dendrites [1,2]. These dendritic structures can
penetrate the separator and trigger internal short circuits, posing severe

. . , . . electrochemical models such as the pseudo-two-dimensional models
safety risks and limiting cycle life, particularly under fast-charging con-

ditions [3,4]. The morphology of the lithium (Li)-electrolyte interface
governs both the initiation and propagation of dendritic growth [5-8].
Therefore, understanding how to control interfacial morphology and,
ultimately, how to suppress or redirect dendrite formation is essential
for enabling practical, high-energy-density LMBs.

Extensive experimental efforts have explored electrolyte formu-
lations [9-11], additives [12,13], artificial interphases [14,15], and
engineered surface coatings [16,17] to regulate Li deposition morphol-
ogy. Computational studies at multiple scales have complemented these
advances: molecular dynamics simulations clarify the transport and

quantify device-level charging—discharging characteristics [27,28]. Lin-
ear stability analyses [29,30] provide analytical relationships between
surface roughness, interphase properties, and perturbation wavelength,
revealing how these factors govern the growth rates of interfacial
instabilities.

The nanoscale regime is particularly important for metal anode
stability because surface features with wavelengths and amplitudes
of tens to hundreds of nanometers directly modulate the electro-
chemical and mechanical fields that govern dendrite initiation [31-
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Fig. 1. Schematic illustration of the phase-field simulation setup and dendrite metrics. (a) Computational domain = [0, L,]X[0, L,], consisting of a Li-metal anode
region Q (left, silver) and an electrolyte region Q. (right, blue). The magnified inset shows the initial Li-electrolyte interface, which includes both background
nanoscale roughness and prescribed surface defects. The dashed line denotes the background roughness alone, while the solid line indicates additional localized
defects superimposed on it. Here, A,, and 4, denote the amplitude and wavelength of the background roughness, A, is the defect amplitude, and N, denotes
the number of defects. (b) Definition of dendrite length Lgenqrite, measured as the axial distance from the root position x,,, to the furthest tip position x,.

33]. At these length scales, nanoscale curvature alters local charge-
transfer kinetics, electric double-layer structure, and ion depletion
behavior, thereby influencing the spatial distribution of interfacial
current [34,35]. Experimentally, nano-engineered architectures, in-
cluding patterned substrates [36,37], nanoporous hosts [38,39], and
functionalized separators, [40] have demonstrated improved depo-
sition uniformity and reduced flux heterogeneity. These approaches
impact nanoscale ion transport, interfacial reaction kinetics, and local
mechanical responses, e.g., by increasing the surface-energy penalty
for forming sharp protrusions, which together stabilize the interface.
Theoretically, nanoscale perturbations correspond to wavelengths at
which curvature-induced overpotential variations and SEI transport
limitations significantly modify the dendrite growth rates predicted
by linear stability theory [29,41]. Computationally, resolving such
nanoscale behavior requires capturing steep concentration and overpo-
tential gradients around small asperities and the evolution of ultrathin
SEI layers, motivating nonlinear, high-resolution phase-field simula-
tions with adaptive mesh refinement [42—-44]. Importantly, nanoscale
surface features include not only engineered architectures but also
intrinsic defects, such as pits, voids and scratches, that fall within
similar wavelength scales and may exert a comparable influence on lo-
cal transport and interfacial behavior [45,46]. Together, these insights
demonstrate that nanoscale morphology is a primary design parameter
governing Li-metal interfacial stability.

Despite these advances, several gaps and challenges remain. Linear
stability analyses provide insight only in the infinitesimal-perturbation
limit and do not capture the nonlinear growth, mode interactions, or
long-time morphology changes that arise as nanoscale perturbations
amplify. In practical interface engineering, however, surface roughness
is deliberately introduced over nanoscale-to-microscale wavelengths
and amplitudes as a designed background texture, rather than as an
infinitesimal perturbation [32]. Such finite-amplitude, spatially struc-
tured roughness lies outside the assumptions of linear theory. In ad-
dition, intrinsic defects are still ubiquitous on Li-metal surfaces; the
combined effects of defect size, density, spacing, and arrangement
on intentionally structured surfaces remain poorly quantified. These
limitations make it difficult to assess how nanoscale roughness and
defect morphology jointly influence interfacial evolution beyond the
linear regime. As a result, existing modeling approaches do not yet pro-
vide a systematic way to connect nanoscale geometry (e.g., amplitude,

wavelength) and defect characteristics (e.g., size, density, spacing) to
their nonlinear evolution during metal deposition, even though such
understanding is essential for establishing generalizable design rules for
stabilizing metal anodes through nanoscale surface engineering.

In this work, we use nonlinear electrochemical phase-field simu-
lations with adaptive mesh refinement to resolve interfacial dynam-
ics at nanoscale fidelity. We systematically examine how controlled
nanoscale surface roughening, i.e., with prescribed perturbation wave-
lengths and amplitudes, evolves from early- to late-time morphology.
We further investigate the role of defects and analyze how defect
size and number density influence deposition behavior. By introduc-
ing stochastic defect distributions, we assess the competition between
intentional nanoscale structuring and unavoidable imperfections. This
framework enables us to quantify the transition from linear to nonlinear
growth regimes, directly compare nonlinear evolution with predictions
from linear stability theory, and elucidate how nanoscale surface fea-
tures modify local ion transport and electrochemical driving forces near
protrusions and valleys. These results provide mechanistic insight into
how nanoscale structures and defects jointly govern dendrite initiation
and growth, forming the basis for generalizable design principles for
stabilizing metal anodes through nanoscale surface engineering (see
Fig. 1).

2. Methods
2.1. Problem formulation

Fig. 1 illustrates the phase-field simulation setup and the definition
of dendrite metrics. We consider a 2D half-cell consisting of a Li-metal
anode and a liquid electrolyte (1 M LiPFg in EC/DMC, 1:1 by volume).
The simulation domain is defined as 2 = [0, L,] x [0, L], with spatial
coordinate x = (x,y). We set L, = 200 ym and L, = 100 pm. The
boundaries are the left current collector I3 (at x = 0), the right bulk
electrolyte boundary I'y (at x = L), the bottom boundary Iy (at y = 0),
and the top boundary I'; (at y = Ly). At t = 0 s, the Li-metal anode
Qg has a mean thickness of 20 pm, while the remaining 180 pm is
occupied by the electrolyte ;. The initial metal-electrolyte interface
is prescribed with a periodic background roughness of amplitude Ay,
and wavelength /,, onto which localized surface defects of amplitude
Ages are superimposed. The number of such defects is denoted by
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Ny.s- This parameterization enables systematic control of both designed
roughness and intrinsic defect characteristics. Electrodeposition occurs
at the metal-electrolyte interface via the reaction Lit +e~ — Li, which
converts Li-ions in the electrolyte into Li-metal at the interface, causing
the Li—electrolyte boundary to advance over time. We assume a dilute
electrolyte with bulk concentration ¢,. We neglect convective transport
and impose electroneutrality in the electrolyte, such that the cation and
anion concentrations satisfy c, (x,7) = c_(x,) [47]. The dendrite length
Lgendrite is defined as the axial distance between the root position x,.,
and the furthest tip position x, along the deposition direction.

To capture the motion of the metal-electrolyte interface during
electrodeposition, we employ a phase-field formulation [48] in which a
continuous order parameter £(x, ) represents a dimensionless Li-metal
concentration, with ¢ = 0 corresponding to the liquid electrolyte phase
and ¢ = 1 corresponding to the metallic lithium phase. These two
phases are separated by a diffuse interface of finite thickness, across
which the phase-field parameter ¢ transitions from 0 to 1 smoothly. The
evolution of ¢ is determined by interfacial free energy and electrochem-
ical driving forces, which can capture the motion and morphological
changes of the interface. We express the Gibbs free energy of the system
as [21]

G= / [fen(©) + fgrad (VO + fereele. )] dV., 6
|4

where ¢ = {¢,¢,,¢_} denotes the set of dimensionless concentrations.
The normalized Li-metal concentration is defined as ¢ = ¢,/C5,
where C7 is the site density of Li-metal. The phase-field variable
corresponds directly to the solid-phase concentration, i.e., & = ¢&.
fen(©) = g&+RT(cy Inéy +c_Iné_)+c, 4 +c_u® denotes the chemical
free energy, where g(¢) is the double-well potential, R and T denote
the gas constant and temperature, é, = c, /c®, where c® is the standard
concentration, and u© - denote the standard chemical potentials. fg .4 =
k/2|VE|? represents the gradient energy, where « is the gradient energy
coefficient. fue. = F(z,c, + z_c_)¢ is the electrostatic free energy,
where ¢ is the electric potential, F is Faraday’s constant, and z, and z_
are ionic charge numbers. The interfacial free energy is defined as [49]

Gim=/[g(§)+§|V§|2]dV, %)
14

where g(&) = WE2(1 — &) and W is the barrier height. The parameters
W and « are linked to physical interface properties by W = 3y/D
and « = 6yD, where y represents the interfacial tension and D is the
interface thickness.

To determine the evolution of &, we adopt the standard variational
framework of phase-field theory. Without external work, the system is
assumed to evolve to decrease its total free energy. Consequently, the
contribution of interfacial free energy to the evolution of the phase-field
parameter is given by the functional derivative of G;,, with respect to
&. Under this assumption, the interfacial phase-field kinetics is written
in Allen-Cahn form as [50]

% = L, %‘ =-L, [¢©®-«VZ¢], (3)
where £ denotes the interfacial mobility. This gradient-flow form
ensures that, in the absence of electrochemical reactions and other
external driving forces, the interfacial free energy decreases with time,
i.e., dGi,;/dt < 0, thus allowing the system to spontaneously relax
towards a local minimum of Gj,. The morphological evolution of
the interface is also driven by the electrochemical reaction, which is
governed by Butler—Volmer kinetics. The reaction-induced contribution
to the phase-field evolution equation is expressed by [51]

o0& , (1= a)nFn, R anFn,

= = —L, h &) [exp(T —épexp| ——p , (C))
where L, is electrochemical reaction coefficient; n is the number of
electrons transferred; « is the charge transfer coefficient; 1, = ¢,—¢p—E?
is the activation overpotential, where ¢, is the applied potential, ¢

€
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is the electric potential in the electrolyte and Li metal, and E? is
the equilibrium half-cell potential. To localize the reaction within the
diffuse metal-electrolyte interface, we employ a smooth interpolation
function A(¢) = E3(6E2 — 15¢ + 10), which satisfies 2(0) = 0 in the
electrolyte and A(1) = 1 in the solid electrode. Its derivative A’(¢) is
nonzero only within the interfacial region and therefore weights the
electrochemical source term in the phase-field dynamics.

Combining the interfacial and electrochemical reaction terms in
Egs. (3) and (4) yields the phase-field evolution equation for &(x, ) [21],

0
% L, (g - kV2E) - L, ()

ot
(1 —a)nFn, R anFrn,
X [exp(—RT ) —c+exp<— T )] (5)

where the first term on the right-hand side describes the competition
between bulk free-energy driving forces that promote phase separation
and interfacial energy that penalizes curvature. The second term rep-
resents the nonlinear electrochemical driving force arising from charge
transfer reactions within the diffuse interfacial region.

The Li chemical potential field u(x,?) evolves according to a mod-
ified diffusion equation that incorporates diffusion, electro-migration,
and the redistribution of Li species between phases [20],

0
¥ =V [Dy(1 = WP 2 (Vu+ nFV )|

ot

- 29 (¢ 00580 - o ) ©
where Dl is the Li-ion diffusion coefficient in the electrolyte, modu-
lated by the factor (1 — h(£))>. This penalization enforces vanishing
ionic diffusivity in the metallic phase (¢ — 1) and ensures that mass
transport occurs exclusively within the electrolyte, while preserving
a smooth transition across the diffuse interface. Clln is the site den-
sity of Li-ions in the electrolyte; 0(u; &), with f € ({s,1}, denotes
the site-occupancy function in the solid and liquid phases, respec-
tively. It is expressed in lattice-gas (Fermi-Dirac) form as 0(u; &y) =

exp( ) /1 +exp( =2 )], which gives the fraction of available lat-

tice 51tes occupied by L1 as a function of the local chemical potential u.
The prefactor y is

= PUEE) s gy 4 PG 1 (), @
ou ou
The Li-ion concentration in the electrolyte is [20]
c(w) = CLO(u; &)(1 — h(&)), ®)

The parameter &, represents the reference chemical-potential offset
for Li occupation in phase g € {s,1}. It sets the energetic baseline
of the lattice-gas occupancy relation in each phase and is determined
by enforcing thermodynamic equilibrium between the chemical poten-
tial p and the prescribed equilibrium Li concentration in that phase.
Specifically,

%
5ﬁ=MO—RT1n< 5 ﬂ), ©
Cn—¢

where cg is the initial equilibrium Li concentration. Without loss of
generality, we set the reference equilibrium chemical potential y, = 0.
In the solid phase, the equilibrium Li occupancy is taken to be nearly
complete, and we prescribe ¢ = L =8C with 6§ = 107° to avoid
numerical singularity. In the electrolyte phase, c(l) is set to the bulk
electrolyte concentration.

Charge conservation in the electrolyte is described by a Poisson-
type equation. The divergence of the ionic current is balanced by
the volumetric source term representing the net charge consumed or
released by the Faradaic reaction within the diffuse interface [21],

V- (e Vo) = nFCy Zf
where o.¢(£) = 0, (&) + 011 — h(£)] is the effective conductivity that
related to the conductivity of electrode o4 and electrolyte 7.

103
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2.1.1. Boundary and initial conditions

The problem is solved for a vector of three unknown fields, u =
(&, p, @), corresponding to the phase-field order parameter, the elec-
trolyte chemical potential, and the electric potential. The boundary
conditions for &, u, and ¢ are prescribed on the left current-collector
boundary I3, the right electrolyte boundary I, and the top and bottom
boundaries I'; and I'z. These boundaries correspond to I7, = {x =0, 0 <
YL}, Ig={x=L,, 0<y< L)}, Ig={y=0 0<x<L,}, and
Fp={y=L, 0<x<L.J.

Phase-field order parameter £ Dirichlet boundary conditions are im-
posed on the left and right boundaries to fix the solid and electrolyte
phases, respectively, while zero-flux conditions are applied on the top
and bottom boundaries,

E(L,,y,1)=0, % =0 for y=0and y=L, (11
ay

¢0,y.0 =1,
Chemical potential u. The chemical potential is fixed at the right bound-
ary to represent the bulk electrolyte reference state, while zero-flux
conditions are imposed on the remaining boundaries,

ou

u(Ly,y,1) =0, i 0 forx=0,
6_;4=0 fory=0and y=1L,. 12)
dy Y

Electric potential ¢. An externally applied potential ¢, is prescribed
at the current collector, and the electrolyte boundary is grounded.
Zero-flux conditions are applied on the top and bottom boundaries,
d¢

(L, y,1) =0, — =0 fory=0andy=1L,.

#0,y,1) = o, 3y

13

The system is initialized with a diffuse metal-electrolyte interface
at x, = 20 pm, onto which controlled transverse perturbations &5(y)
are imposed. The phase-field profile is initialized using a hyperbolic
tangent function,

&x,0) = % [1 = tanh (¢ [x = x0 + 6()1)] » a4

where ¢ controls the diffuse-interface thickness. The perturbation field
5(y) is constructed as the superposition of a background roughness
profile and a set of localized interfacial defects, 5(y) = g (V) + Bger ()-
The background roughness g (¥) introduces a controlled, periodic
nanoscale modulation of the interface [29],

2
Bug(¥) = Apg sin <¥> : as)
bg

where Ay, is the roughness amplitude and 4, is the roughness wave-
length, which can be related through the number of complete waves
across the domain height, 4,; = L,/ Nyg.

Real solid-state interfaces simultaneously contain multiple defect
types (including voids, grain boundaries, and impurities) [52]. To
reflect this inherent variability, we model defects as stochastic pertur-
bations with randomized locations and amplitudes, thereby quantifying
the statistical impact of the defect set on dendrite growth. Specifically,
localized surface defects are represented by the defect field &y (y),
which models discrete morphological irregularities superimposed on
the background roughness,

Nef
Baef(0) = D i o - Ader * Feap(y = i3 R, ae)
i=1
where N is the number of defects, s; € {—1,+1} is randomly assigned
with equal probability to represent depressions (—1) and protrusions
(+1), a; is a random scaling factor drawn from a uniform distribution
to introduce size variability, A4 is the nominal defect amplitude, and
y; is the randomly assigned location of defect i. The normalized shape
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function fcap(% R) defines a spherical-cap profile with characteristic
radius R. A fixed random seed is used to ensure reproducibility.

By varying the background wavelength 1,,, background ampli-
tude A, defect number Ny, and defect amplitude Ay, the initial
nanoscale interface morphology is systematically controlled. This for-
mulation enables quantitative investigation of how nanoscale rough-
ness and intrinsic defects jointly influence Li electrodeposition stability
and dendrite growth suppression.

The chemical potential field is initialized in a manner consistent
with the diffuse metal-electrolyte interface by coupling it to the phase-
field variable,

u(x,0) = —10 RT &(x,0). a7n

This initialization yields an initial chemical potential of approximately
—10RT within the lithium metal (¢ ~ 1) and O in the electrolyte (¢ ~ 0),
with a smooth transition across the diffuse interface. This initializa-
tion ensures that the chemical potential field is thermodynamically
consistent with the phase-field variable. The electric potential field is
initialized analogously to ensure a consistent electrochemical state,

$(x,0) = ¢, £(x,0), (18)

providing an initial electric potential of ¢, within the solid anode and
0 V in the electrolyte, with a continuous potential drop across the
diffuse interface.

2.1.2. Normalization

To nondimensionalize the governing equations, we introduce the
characteristic length L, = 1 pm, time scale , = 1.0 s, and reference
conductivity o, = 1 S m~!. The corresponding dimensionless variables
are defined as

- X -t s 7 - ¢F - cy

==, ==, =, =, == 19
T o PTwRr TR ST (19)
Under this normalization, the phase-field evolution equation becomes
d 5 - < i [ z
X ok, [F© -5V - L O [ - epGe | 20)
ot K O

where £, and £, are the dimensionless mobility coefficients associ-
ated with interfacial relaxation and electrochemical reaction kinetics,
respectively. The dimensionless chemical free-energy density is defined
as g(&) = W (1 — &), where W is the normalized double-well barrier
height. The interfacial energy parameters satisfy W = 37/D, & = 67 D,
with 7 denoting the dimensionless interfacial tension and D the dimen-
sionless diffuse-interface thickness. Details of the normalization and
numerical values of these parameters are summarized in Table 1. The
reference chemical-potential offsets are likewise nondimensionalized as
£; = &/(RT), with f € {s,1}.
The dimensionless chemical potential equation is given by

0 _ o |5 &) oo
752 =V- [D,a - h©)y +é}., (V/t+V¢)]
0h@) (Chp oz g g
- <a9(u,€s) - 9(;4,£])> , 21

where D, = Diz,/ L(z) is the dimensionless Li-ion diffusion coefficient in
the electrolyte. The normalized thermodynamic susceptibility is defined

as 7= ;(/Clln.
The nondimensional governing equation for the electric potential is
V- (594) =%, 22)

where 6 = o/0, is the normalized conductivity and C = nF2C5,
LS/(arefroRT ) is a dimensionless coupling parameter characterizing
interfacial charge transfer.

The interplay between interfacial energy penalties, electrochemi-
cal driving forces, and ion-transport limitations constitutes a general
physical mechanism governing metal electrodeposition. As a result,
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Table 1
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Physical parameters, normalization scales, and corresponding nondimensional values used in the simulations [20].

Parameter Symbol Real value Normalized formula Normalized value
Interfacial mobility c, 25x 1070 m¥J's! £, =L, RT1, 6.25
Reaction constant c, 1.0x1073 57! L,=L,7, 1.0x 1073
Interfacial energy y 0.556 Jm~2 7 =7/(cyRTLy) 0.22
Interface thickness D 1 pm D=D/L, 1.0
Diffusion coefficient in electrolyte D, 3.179x 10710 m? 5! D, = Dyzy/ L] 317.9
Conductivity in electrode LA 1.0x 10° Sm™! G, =0,/0 10°
Conductivity in electrolyte o 1.19 Sm™! 5= 0,/0.e 1.19

Site density of electrode (o8 7.64 x 10* molm— Cs =Cs /e 76.4

Site density of electrolyte ct 1.44 x 10* molm= ¢l =cl /e, 14.4
Transfer coefficient a 0.5 - 0.5

the qualitative design principles identified here are broadly applicable
across different metal-electrolyte systems and operating conditions,
including variations in temperature and applied potential. Quantita-
tive predictions, however, require material-specific parameters such
as ionic diffusivity, electrical conductivity, and electrode site density.
The present phase-field framework can be readily extended to other
material systems by updating these parameters, as summarized in Table
1, to reflect the properties of the electrolyte and electrode of interest.

2.1.3. Adaptive numerical framework

To accurately resolve the evolving metal-electrolyte interface while
maintaining computational efficiency, we employ a fully adaptive nu-
merical framework that combines adaptive mesh refinement with adap-
tive time stepping. This strategy concentrates spatial and temporal reso-
lution where it is most needed—near the moving reaction front—while
avoiding unnecessary refinement in the bulk phases.

Adaptive mesh refinement. The phase-field formulation introduces a
diffuse interface of finite width D, across which the order parameter
¢ transitions smoothly from O (electrolyte) to 1 (metal). Resolving
this interfacial region is essential for accurately capturing interface
motion and morphological evolution. Because the electrolyte domain
size satisfies L > D, a uniformly refined mesh would be computa-
tionally prohibitive. We therefore implement a dynamic adaptive mesh
refinement strategy that localizes resolution near the interface using a
hierarchical, marker-based approach.

Marking criterion: Cells are marked for refinement or coarsening
based on the magnitude of the phase-field gradient, V&. Cells satisfying
[VE| > €refine are identified as part of the diffuse interface and refined
to the finest resolution level #,,,, ensuring that the interface is always
fully resolved. Regions with small gradients, corresponding to bulk
electrolyte or solid metal, are marked for coarsening.

Refinement and coarsening strategy: Marked cells are refined
using a hierarchical, nonconforming refinement scheme, producing a
graded mesh that concentrates resolution near the diffuse interface.
Rather than performing repeated local coarsening operations, we adopt
a global reconstruction strategy to maintain mesh quality over long
simulation times. Specifically, when the number of cells marked for
coarsening exceeds a prescribed threshold N, the current adaptive
mesh is discarded and the mesh is reset to the base level 7. A new
adaptive mesh is then constructed by reapplying the refinement criteria
based on the current solution fields. This rollback-and-refine procedure
avoids mesh degradation caused by repeated local refinement and
coarsening and ensures consistent resolution of the moving interface.

Solution transfer: During mesh adaptation, the solution fields u =
{&, ji, d} are transferred between meshes using a single projection step.
Intermediate meshes generated during the refinement process are used
only to evaluate refinement and coarsening criteria and do not carry
updated solution fields. The solution is projected only after the final
adaptive mesh configuration has been fully constructed, thereby avoid-
ing the accumulation of interpolation errors associated with successive
mesh transfers. Conservation of mass and electrochemical energy is
monitored during projection to ensure numerical accuracy.

Adaptive time stepping. To ensure the convergence of the nonlinear
Newton solver and maintain temporal accuracy, we employ a heuristic
adaptive time stepping algorithm. The time step size, 4, is dynamically
adjusted based on the computational difficulty of the previous step,
quantified by the number of linear iterations (N;,) required for conver-
gence. It enforces smaller time steps during the initial transient stage,
where steep gradients and rapid interfacial evolution demand enhanced
stability. Besides, it preserves time accuracy throughout the simulation
by reducing Ar when the nonlinear residual becomes stiff. When the
solution evolves smoothly and the Newton iterations converge rapidly,
the algorithm increases At to accelerate the overall computation. This
adaptive mechanism balances stability, accuracy, and efficiency across
all stages of the simulation.
The time-step update follows a feedback control law,

min(Atn * Yinc» Atmax) if Niter < Nlow’
Atn+l = ymax(4r), - Ydec’Atmin) if Niter > Nhigh’ (23)
4, otherwise,

where ;. > 1 and yg.. < 1 are growth and damping factors, respec-
tively. Ny, and Ny, define the optimal window for solver perfor-
mance (typically 4-6 iterations). To maintain robustness during the
initial transient stage, a smaller maximum time step At,e,?;;y is enforced.

At each time step, we solve the coupled nonlinear system u =
(&, i, ¢} monolithically using a fully implicit Newton’s method with
convergence tolerances atol = 1079, rtol = 10™® and a maximum of
100 iterations. The finite-element discretization and nonlinear solves
are implemented using the open-source FEniCS framework [53]. Each
Newton step employs a direct LU solver (MUMPS) with tight linear
tolerances (rtol = 1078, atol = 10719) to ensure linearization errors
remain negligible relative to the nonlinear residual.

3. Results and discussion

We numerically solve the coupled, dimensionless governing equa-
tions (Egs. (20)—(22)) together with the prescribed initial and boundary
conditions to obtain the spatiotemporal evolution of the phase-field
order parameter &, the electrochemical potential u, and the electric
potential ¢. To quantify how initial surface morphology influences Li
electrodeposition stability, we vary the background roughness ampli-
tude and wavelength (Abg, Abg) as well as the defect amplitude and
number (Ager, Nger)- We characterize morphological instability using
the dendrite length, Lgendrite = Xtip —Xroot> Where xy;, is the maximum x-
position of the metal-electrolyte interface (the tip of the most advanced
protrusion) and x,,,; is the minimum x-position (the deepest valley).
The interface location is defined by the & = 0.5 contour. Fig. 2 presents
benchmark fields for an initially flat Li-metal anode with Ny = 5
defects of amplitude Age; = 0.15 pm under an applied potential ¢, =
—0.45 V: (a—c) phase-field variable &, (d—f) Li-ion concentration ¢,, and
(g-i) electric potential ¢, shown at 7 = 20 s, 60 s, and 100 s. At early
time (7 = 20 s), the interface remains nearly planar, and both ¢, and ¢
are approximately uniform along the transverse (y) direction, indicating
weak lateral heterogeneity. As time increases, instability initiates at
defect sites and progressively amplifies. By 1 = 60-100 s, pronounced
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Sy

t=100s

Ldendrite =45.13 pm

Fig. 2. Benchmark profiles of (a—c) phase-field variable &(x, y), (d-f) Li-ion concentration é,(x, y), and (g-i) electric potential ¢(x, y) for an initially flat Li-metal
anode containing Ng = 5 defects with amplitude A4 = 0.15 pm. Snapshots are shown at t =20 s, 60 s, and 100 s under an applied potential ¢, = —0.45 V. At

t =100 s, the dendrite length reaches Lgungsite = 45.13 pm.

protrusions have formed, accompanied by elevated ¢, and ¢ near
dendrite tips and reduced values in valleys. This redistribution of ¢,
and ¢ reflects enhanced ionic flux toward protrusions and limited mass
transport near the roots. These trends are consistent with previously
reported phase-field simulations of electrochemical deposition [20]
and provide a baseline reference for assessing the effects of nanoscale
roughness and defect morphology in the following sections.

To compare our numerical results with theoretical predictions, we
use the linear stability analysis developed in Ref. [29] under the same
electrochemical parameters. The linear stability analysis yields a dis-
persion relation giving the growth rate w as a function of wavenumber
k. In that framework, the variables are nondimensionalized as k = kL,,
= L2w/D,, and the analysis predicts a critical wavenumber k,; above
which the interface is linearly stable. The nondimensional wavenumber
k is linked to the background wavelength in our nonlinear simulations
through

_ 2a(L, —xp)

Iy = = o2

where L, is the domain width and x is the initial Li-metal thickness.
We consider three background wavelengths, A,, = 12.5 pm, 0.5 pm,
and 0.33 pm, corresponding to nondimensional wavenumbers k =
90.5, 2261, and 3393, respectively. The longest wavelength lies well
within the unstable band (k < k), whereas the two shorter wave-
lengths lie near and above the critical wavenumber. For each 4., we
perform nonlinear phase-field simulations with background amplitude
Apg = 030 pm and Nge = 15 defects of amplitude Age = 0.10 pm
superimposed on the interface.

Fig. 3 compares the linear stability analysis dispersion relation with
phase-field variable snapshots at + = 20 s under an applied potential
¢, = —0.45 V. For the long-wavelength background (Apg = 12.5 pm,
k = 90.5), the interface already exhibits clear roughening and the
onset of protrusions emerging from defect locations. In contrast, for
the shorter-wavelength cases (4, = 0.5 and 0.33 pm, k = 2261 and

3393), the interface remains nearly flat at the same time, with only
small, defect-scale perturbations. This behavior is consistent with the
dispersion relation: modes with k < k.; have positive growth rates and
amplify rapidly, while modes with k > k. are linearly stable. Fig. 4
shows the corresponding comparison at t = 70 s. For 4;,; = 12.5 pm, the
initially unstable perturbations have grown into pronounced dendritic
protrusions that extend deeply into the electrolyte, indicating continued
amplification of the unstable mode. By contrast, for 4,; = 0.5 and
0.33 pm, the interface remains relatively flat and the morphology is
dominated by localized growth around individual defects; no large-
scale corrugation develops at the background wavelength. Thus, even
at later times, modes with k > k; remain effectively suppressed in the
nonlinear simulations, whereas modes in the unstable band continue to
grow.

These comparisons highlight the strengths and limitations of the
linear stability theory. The linear theory assumes infinitesimal pertur-
bations on a defect-free, perfectly flat interface and does not account for
finite background amplitude Ay, discrete defects, or mode interactions
as the morphology develops. As a result, linear stability analysis cor-
rectly predicts the existence of a critical wavenumber and captures the
early-time selection between stable and unstable wavelength modes,
but it cannot describe how roughness amplitude and defect statistics
influence the subsequent nonlinear growth of dendrites. Our nonlinear
phase-field simulations extend this framework by explicitly resolving
finite-amplitude interface perturbations and defect-driven dynamics.

Next, we examine the influence of nanoscale surface roughness by
varying the background wavelength 4,,, while keeping the roughness
amplitude fixed. Fig. 5 shows the phase-field variable &(x, y) for cases
with identical defect configurations but different background roughness
wavelengths, prescribed using Ny, = 3,8,20, and 200 complete surface
waves. These correspond to wavelengths A, = 33.3 pm, 12.5 pm,
5 pm, and 0.5 pm, respectively, all with the same amplitude A,, =
0.15 pm. Each simulation includes Ny = 5 defects with amplitude
Ager = 0.15 pm, and the interface morphology is shown at 1 = 100 s.
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Fig. 3. Comparison between nonlinear simulations and linear stability analysis
at early time, t = 20 s under an applied potential ¢, = —0.45 V. Snapshots of
the phase-field distribution &(x, y) are embedded within the dispersion relation,
which plots the nondimensional growth rate @ as a function of wavenumber
k. Yellow star markers indicate the k values corresponding to background
wavelengths Apg = 12.5 pm, 0.5 pm, and 0.33 pm (i.e., k = 90.5, 2261,
and 3393). The phase-field snapshots correspond to simulations prescribed
with these respective background wavelengths at amplitude A, = 0.30 pm,
each containing N4 = 15 defects of amplitude Ay = 0.10 pm. For the
longest wavelength (4, = 12.5 pm), interfacial instability has already emerged,
whereas the shorter-wavelength cases (4, = 0.5 and 0.33 pm) remain nearly
flat at this early time, consistent with linear stability analysis predictions.
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Fig. 4. Comparison between nonlinear simulations and linear stability analysis
at later time, t = 70 s under an applied potential ¢, = —0.45 V. Snapshots of the
phase-field distribution &(x, y) are embedded within the linear stability analysis
dispersion relation, which plots the nondimensional growth rate @ as a func-
tion of wavenumber k. Vertical markers indicate the k values corresponding
to background wavelengths Ay, = 12.5 pm, 0.5 pm, and 0.33 pm (i.e, k=
90.5, 2261, and 3393). The phase-field snapshots correspond to simulations
prescribed with these respective background wavelengths at amplitude Ay, =
0.30 pm, each containing Ny = 15 defects of amplitude Ages = 0.10 pm. For the
long-wavelength case (4, = 12.5 pm), the initially unstable perturbations have
grown into pronounced dendritic protrusions, whereas the short-wavelength
cases (/lbg = 0.5 and 0.33 pm) remain relatively flat and defect-dominated,

consistent with linear stability analysis predictions for k > k.
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For the largest wavelength, 4, = 33.3 pm, the dendrite length reaches
Lgendrite = 52.09 pm, exceeding that of the flat reference case (Fig. 2,
Lgendrite = 45.13 pm). This indicates that long-wavelength roughness
amplifies interfacial instability.

As the background wavelength decreases from 33.3 pm to 12.5 pm,
the dendrite length remains comparable to the benchmark case
(Lgendrite = 42.35 pm). However, when the background wavelength is
further reduced to 5 pm, dendrite growth is significantly suppressed,
with the dendrite length decreasing to 26.03 pm. At 4,, = 5 pm, the
dendrite length becomes substantially smaller than that of the flat-
interface benchmark, indicating strong stabilization induced by short-
wavelength roughness. Further decreasing the wavelength to Ay, =
0.5 pm does not yield additional stabilization (Lgepgrite = 28.95 pm).
This saturation behavior indicates the existence of a threshold wave-
length below which further reduction in Apg no longer significantly en-
hances stability. In this regime, the background roughness is effectively
smoothed out, and the late-stage morphology becomes dominated by
defect-driven growth rather than by the imposed wavelength.

These results demonstrate that decreasing the roughness wavelength
suppresses dendrite growth by increasing the surface-energy penalty
associated with sharp protrusions, but only down to a finite cutoff
scale. Below this threshold, interfacial evolution is governed primarily
by defect statistics rather than background roughness, motivating fur-
ther analysis of how stability depends jointly on A, Apg, and defect
characteristics.

We next examine how the background roughness amplitude Ay,
modulates interfacial stability at different roughness wavelengths,
while keeping the defect parameters fixed (Nges = 5, Ages = 0.15 pm).
Fig. 6 compares two representative wavelengths: an intermediate wave-
length case (Nyg = 20, Apg = 5 pm) and a high-frequency case (Npg =
200, Apg = 0.5 pm), evaluated at ¢ = 100 s under ¢, = —0.45 V. For 4;,; =
5 pm (Fig. 6a-c), increasing the background amplitude from A;, =
0.15 pm to 0.30 pm leads to nearly identical interface morphologies
and very similar dendrite lengths (Lgepgrite = 26.03 pm and 25.78 pm, re-
spectively). However, when the amplitude is further increased to A, =
0.60 pm, the behavior changes qualitatively. The background roughness
itself becomes unstable and begins to actively participate in the growth
process. As a result, the interface develops stronger corrugations and
the dendrite length increases markedly to 40.47 pm. Physically, at
this intermediate wavelength, a sufficiently large roughness amplitude
enhances local transport limitations and promotes current focusing
along the background undulations, which weakens the stabilizing effect
of surface energy and enables faster protrusion growth. In contrast,
for the short-wavelength case 4,, = 0.5 pm (Fig. 6d-f), increasing
Apg has only a minor influence on the interfacial morphology. The
interface remains relatively smooth across the entire amplitude range,
and the dendrite length varies only slightly, Lgendrice = 28.95 pm,
28.26 ym, and 27.65 pm for A, = 0.15, 0.30, and 0.60 pm, respectively.
This indicates that when the background wavelength is sufficiently
small, the stabilizing effect of high-curvature roughness suppresses
the amplification of the background mode, even at relatively large
amplitudes, leaving only localized defect-scale growth.

Together, these results show that 4, and Ay, cannot be tuned
independently. At intermediate (or long) wavelengths, increasing Ay
can push the background roughness into an unstable regime and sig-
nificantly accelerate dendrite propagation. By contrast, at sufficiently
short wavelengths, the background mode remains effectively stabilized
and changes in Ap, have limited impact on Lgendrite- This coupled de-
pendence highlights a practical design principle: when larger roughness
amplitudes are unavoidable (e.g., due to fabrication limits), stabil-
ity can be preserved by shifting the surface texture toward shorter
wavelengths.

We next examine how defect amplitude Ay influences dendrite
evolution, and how this effect depends on the background roughness
amplitude Ay, at a fixed background wavelength 4, = 12.5 pm (Ny,g =
8). Fig. 7 shows phase-field snapshots at t = 100 s for cases with Ny¢ =
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Lgendrite = 26.03 pm Lgendrite = 28. 95 pm

Fig. 5. Phase-field profiles &(x, y) at = 100 s under an applied potential ¢, = —0.45 V for interfaces with identical defect configurations but varying background
roughness wavelengths. All cases use a fixed background amplitude A, = 0.15 pm and Ny.; = 5 defects with amplitude A = 0.15 pm. The background wavelength
decreases from (a) 4,, = 33.3 pm, (b) 12.5 pm, (¢) 5 pm, to (d) 0.5 pm. The corresponding dendrite lengths are L. = 52.09, 42.35, 26.03, and 28.95 pm,
respectively. Insets show the initial interface morphology highlighting the imposed background roughness. The results demonstrate progressive stabilization with
decreasing wavelength, followed by saturation below a critical roughness scale.

Ndef = 5, Adef =0.15 um
Apg = 030 um Apg = 0.60 um $
(b) ©

Initial interface e Initial interface
Ldendrite =25.78 pm

(@)

Initial interface

Lgendrite = 26.03 pm Lgendrite = 40.47 uym

Apg = 0.15 um

@

Initial interface

(e)

Initial interface

®

Initial interface

Lgendrite = 28.95 pm

Lgendrite = 28.26 pum

Ldendrite =27.65 pm

Fig. 6. Phase-field variable £(x,y) profiles at + = 100 s under an applied potential ¢, = —0.45 V for cases with identical defects but varying background
nanoscale roughness amplitude. The roughness is prescribed using wavelengths (a—¢) 4,, = 5 pm, and (d-f) 0.5 pm at defect number Ny = 5 and defect
amplitude Agee = 0.15 pm. The background amplitude is varied as Ay, = 0.15 pm, 0.30 pm, and 0.60 pm. For 4, = 5 pm, the corresponding dendrite lengths are
Lgendrie = 26.03 pm, 25.78 pm, and 40.47 pm, showing a transition to unstable growth at large amplitude. For A, = 0.5 pm, the dendrite length remains nearly
unchanged (Lgepgrice = 28.95, 28.26, and 27.65 pm), indicating that sufficiently short-wavelength roughness suppresses background-driven instability even at high
amplitudes.

5 defects while varying Ager. For the larger background amplitude 7d-f), the dependence becomes monotonic: Lgengrire inCreases from
Apg = 0.15 pm (Fig. 7a—c), the dependence on Ages is non-monotonic. 29.83 pm to 40.23 pm and 57.12 pm as Ager rises from 0.15 to 0.30
Increasing Agef from 0.15 to 0.30 pm reduces the dendrite length from and 0.60 pm. Here, increasing A4 primarily strengthens defect-driven

Lgendrite = 42.35 pm to 35.06 pym, indicating that intermediate defects
can partially suppress the net longitudinal growth. In this regime, the
background mode is already unstable, and moderate defects disrupt the
coherent amplification of the long-wavelength corrugation, leading to a

current focusing and transport limitation, leading to progressively more
severe dendritic growth.

These results demonstrate that the impact of defects cannot be

less extended growth front. However, when Ay is further increased to interpreted independently of the imposed background morphology. At
0.60 pm, defects become dominant nucleation sites and drive strongly fixed Apg, Apg sets whether the background roughness stabilizes or
localized protrusion growth, causing Lgendrite tO increase to 53.36 pm. destabilizes the interface. Within that regime, A4 controls whether
In contrast, for the smaller background amplitude A = 0.05 pm (Fig. defects merely perturb the background evolution (intermediate Ag.) or
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Fig. 7. Phase-field variable &(x, y) profiles at r = 100 s for cases with varying defect amplitude and background roughness amplitude. The roughness is prescribed
with wavelength 4, = 12.5 pm. Each case includes Ny = 5 defects. The defect amplitude is varied as Ag¢ = 0.15, 0.30, and 0.60 pm. (a—c) Apg = 0.15 pm with
corresponding dendrite lengths Lgeparite = 42.35 pm, 35.06 pm, and 53.36 pm; (d-f) A = 0.05 pm cases, with corresponding lengths Lyenqrice = 29.83 pm, 40.23 pm,

and 57.12 pm.
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Fig. 8. Phase-field variable &(x, y) profiles for cases with identical background roughness amplitude A,, = 0.15 pm and defect amplitude Ay = 0.15 pm but
varying background roughness wavelength and defect number. The number of defects increases across columns: Ny = 0 (no defects), Ny = 5, and Ny = 20.
(=) Ay = 12.5 pm, with Lygpgyye = 45.88 pm, 42.35 um, and 47.33 pm; (d—f) Ay, =5 pm, with Lyggye = 13.40 pm, 26.03 pm, and 36.45 pm.

dominate the morphology (large Ag4.¢). These results establish that in-
terfacial evolution is governed by a coupled design space (Apg, Apg, Adef)
rather than any single parameter in isolation.

Finally, Fig. 8 examines the effect of defect number density by
varying the number of discrete defects Ny while holding the back-
ground roughness amplitude and defect amplitude fixed (A, = 0.15 pm,
Ages = 0.15 pm). We compare a low-frequency background (Fig. 8a—
¢, A, = 12.5 pm) and a high-frequency background (Fig. 8d-f, 4,, =
5 pm). In the low-frequency regime (Fig. 8a—c), the dependence on
Ny.s is non-monotonic. In the defect-free case (Ng; = 0), growth is
primarily governed by the long-wavelength background corrugation,
yielding Lgengrie = 45.88 pm. Introducing a small number of defects
(Ngt = 5) reduces the dendrite length to Ly grice = 42.35 pm: the
defects seed additional short-scale protrusions, which redistribute ionic
flux and partially break up the coherent amplification of the long-
wavelength background mode. However, when the defect density is

further increased (Ng = 20), Lgenarite inCreases to 47.33 pum. In the
high-defect-density regime, closely spaced defects give rise to strong
local current focusing and enhanced transport limitation, and thereby
accelerating dendritic growth. In contrast, in the higher-frequency
regime (Fig. 8d-f), increasing N4 produces a clear monotonic desta-
bilization. Without defects (Ng; = 0), the background roughness at
Apg =5 pm remains strongly stabilizing and dendrite growth is largely
suppressed (Lgengrice = 1340 pm). Adding defects introduces localized
initiation sites that are not eliminated by the stabilizing background
texture, increasing the dendrite length to 26.03 um for Ny =5 and to
36.45 pm for Ny = 20. Thus, in the high-frequency background regime,
the interface remains relatively smooth without defects; however, as
defect number increases, growth becomes progressively dominated by
defect-induced protrusions.

Taken together, Fig. 8 demonstrates that the influence of defect
density is strongly conditioned by the background wavelength. At
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long wavelengths, a moderate number of defects can partially sup-
press dendrite growth by disrupting the dominant background mode,
whereas excessive defect density reverses this effect by enhancing local
current focusing. At shorter wavelengths, while dendrite growth is
limited in the absence of defects, increasing defect density progressively
increases the number of localized protrusions. These results reinforce
that interfacial evolution is governed by a coupled parameter space
(Abg> Apgs Aders Naer), rather than by any single descriptor of “roughness”
or “defects” in isolation. While the simulations presented here are con-
ducted under a fixed electrolyte composition, ion concentration, and
applied potential in order to isolate geometric and defect-driven effects,
the underlying physical mechanism is general. Electrochemical param-
eters such as electrolyte formulation, salt concentration, and applied
voltage are expected to shift quantitative outcomes, such as dendrite
length and the critical roughness wavelength, but do not alter the
existence of a roughness-dependent stabilization regime or its coupled
interaction with defect characteristics. In all cases, nonlinear interfacial
evolution is governed by the same competition between surface-energy
penalties, electrochemical driving forces, and ion-transport limitations.

4. Conclusions

We use nonlinear electrochemical phase-field simulations with
adaptive spatial and temporal resolution to systematically investigate
how nanoscale surface roughness and intrinsic defects jointly regulate
Li-metal interfacial stability. By varying roughness wavelength (1)
and amplitude (Abg) while controlling defect amplitude (Ag4es) and
number density (Nge(), we establish a direct link between nanoscale
geometry, defect characteristics, and the nonlinear evolution of Li
deposition morphology. These simulations reveal several key findings
that extend beyond what linear stability analysis or defect-free models
can capture.

» The wavelength of nanoscale roughness plays a dominant role in
determining stability. Decreasing 4, suppresses dendrite growth
by increasing the surface-energy penalty associated with forming
sharp protrusions. This stabilizing effect, however, saturates once
Apg falls below a threshold set by the roughness amplitude and
defect characteristics. Below this scale, further reduction in wave-
length provides diminishing benefit, indicating the existence of an
effective nanoscale cutoff that is only partially captured by linear
stability theory.

The roughness amplitude A, strongly modulates the stabiliz-
ing effect of Apg. For long-wavelength roughness, increasing Apg
destabilizes the interface by amplifying background corrugations
and promoting current focusing, leading to accelerated dendrite
growth. In contrast, in the short-wavelength regime the interface
remains stable even as Ay, increases. These results demonstrate
that Apg and Ay, are not independent design variables; rather,
interfacial stability requires their joint optimization.

The influence of defects depends strongly on whether the back-
ground roughness is stabilizing or destabilizing. At long wave-
lengths, a moderate number of defects can partially disrupt the
dominant background mode and reduce dendrite extension. How-
ever, at sufficiently large defect amplitudes or densities, localized
current focusing dominates and dendrite growth accelerates. In
contrast, in the high-frequency regime, dendrite growth is lim-
ited in the absence of defects, increasing defect number progres-
sively increases dendrite length as growth becomes increasingly
governed by defect-induced protrusions.

Comparison with linear stability analysis shows agreement in
early-time behavior: linear theory correctly identifies the unsta-
ble wavelength range and the existence of a critical wavenum-
ber. However, linear theory cannot account for finite-amplitude
roughness, defect-driven transport localization, or the nonlinear
competition between surface energy and electrochemical driving
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forces that govern late-stage morphology. The present simulations
bridge this gap by revealing how nanoscale roughness and defect
statistics jointly control the nonlinear evolution of Li deposition.

These results establish nanoscale roughness, rather than intrinsic
defects alone, as a primary design parameter for stabilizing metal—
electrolyte interfaces. Several practical design principles emerge. First,
short-wavelength nanoscale roughness provides strong stabilization,
even at moderate amplitudes. Second, long-wavelength nanoscale
roughness can also stabilize the interface, but only when the ampli-
tude is sufficiently small. Third, large-amplitude defects should be
minimized or counteracted by intentionally introduced high-frequency
roughness that suppresses long-wavelength instability and redistributes
ionic flux away from defect sites. More broadly, interfacial evolution is
governed by a coupled design space (4, Apgs Aders Naer) Tather than by
any single geometric or defect parameter in isolation.

Beyond interface-level morphology control, these nanoscale and
microscale surface features can, in principle, be translated into effective
transport descriptors, such as porosity and tortuosity, that enter macro-
scopic porous-electrode models [27,28]. Establishing such physically
grounded constitutive relationships provides a pathway to incorporat-
ing interface morphology effects into continuum-scale predictions of
voltage response and capacity fade.

The present framework establishes a foundation for predictive
nanoscale interface design while also opening multiple directions for
future work, including incorporating surface-energy anisotropy and
coupling elastic—plastic deformation with SEI fracture. The parameter
space explored here can be further expanded into machine-learning-
assisted design maps, where surrogate models or neural operators
accelerate the optimization of nanoscale roughness in the presence
of defect distributions. Finally, extending the framework to three
dimensions will be essential for capturing realistic dendrite pathways
and practical failure modes. Integrating these directions will enable
a comprehensive, predictive toolkit for designing next-generation Li—
metal interfaces that remain stable under fast charging, high current
densities, and long cycling lifetimes.
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