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Abstract

Dendrite growth during cycling remains a critical challenge for all-solid-state bat-

teries (SSBs), limiting the full realization of their inherent safety and high energy

density. In particular, the mechanisms of continuous dendrite penetration during

charge-discharge cycling remain poorly understood and are difficult to characterize

experimentally. This study applies a phase-field model, informed by density func-

tional theory calculations, to rationalize and visualize the dendrite penetration be-

haviors during cycling in sodium (Na) SSBs with pure Na or Na-Sb alloy anodes and

polycrystalline Na3SbS4 electrolyte. We show that dendrite stripping is intrinsically

asymmetric with respect to plating due to grain boundary geometry, leading to the

formation of isolated Na metal that persists between cycles. This residual Na metal

becomes kinetically stabilized at grain-boundary junctions and is readily reactivated

during subsequent plating, thereby accelerating and amplifying dendrite penetration.

We further investigate the effects of applied voltage, solid-electrolyte microstructure,

and anode chemistry on this phenomenon. These findings establish isolated Na metal
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as a key contributor for continued dendrite propagation in Na SSBs and provide design

principles for stabilizing anode/electrolyte interfaces in Na SSBs.

Keywords: Sodium solid-state battery, Phase-field modeling, Density functional

theory, Battery cycling, Dendrite growth

1. Introduction

The increasing attention to all-solid-state batteries (SSBs) is closely associated with the

rapid growth of electric vehicles (EVs), which require safer energy-storage technologies with

higher energy density. In particular, lithium solid-state batteries (Li SSBs) have advanced

significantly in recent years.[1 , 2 ] Although Li SSBs offer promising advantages including

high energy density and excellent ionic conductivity, their large-scale commercialization re-

mains constrained by high production costs, environmental concerns associated with lithium

mining, and long-term sustainability challenges.[3 ] In contrast, sodium solid-state batter-

ies (Na SSBs) offer a more cost-effective and sustainable alternative, because of the global

abundance of sodium.[4 ] When paired with Na-ion-conducting sulfide solid electrolytes, Na

SSBs can achieve remarkable ionic conductivities up to 32 mS/cm at room temperature.[5 ]

Despite these advantages, Na SSBs still face critical issues similar to Li SSBs, most notably

dendrite growth during electrochemical cycling.[6 ] Therefore, advancing our understanding

of the transport behavior , stability, and failure mechanisms Na SSBs is essential for their

development as sustainable next-generation energy-storage systems.

A comprehensive understanding of failure mechanisms in SSBs requires resolving the

coupled mass transport, charge transfer, and interfacial dynamics at solid electrolyte (SE)

interfaces. However, the inherently complex and rapid redox processes in Na SSBs make

in situ characterization of microstructural evolution during charge-discharge cycling par-

ticularly challenging. Techniques such as high-resolution transmission electron microscopy

(HRTEM)[7–9 ], electron backscatter diffraction (EBSD)[10 ], and nuclear magnetic reso-
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nance (NMR)[11 ] have been employed to investigate microstructural changes. However,

these methods remain limited by spatial or temporal resolution and experimental con-

straints, making it difficult to fully resolve nanoscale-to-microscale transport kinetics and

interfacial processes. Computational modeling therefore provides a valuable complementary

approach[12–14 ], for investigating nanometer-scale ion transport, deposition mechanisms,

and the influence of external factors such as stackpressure and applied overpotential.

A wide range of computational strategies have been applied to solid-state batteries, in-

cluding density functional theory (DFT)[15 ], molecular dynamics (MD)[16 , 17 ], and ki-

netic Monte Carlo (KMC)[18 ] simulations. Compared with these approaches, phase-field

methods[15 , 19–21 ] are particularly well suited for describing mesoscale microstructural

evolution over length and time scales relevant to electrochemical degradation. They can

capture the coupled evolution of morphology, transport kinetics, and structure–property

relationships without explicitly tracking moving interfaces. Phase-field models have been

successfully employed to study dendrite growth[15 , 22–29 ], solid electrolyte interphases

(SEI) formation [20 ], interfacial engineering strategies[30 ], and void formation[31 ] in bat-

teries. These studies demonstrate the potential of phase-field modeling provide mechanistic

insights and guide solid-state battery design.

Although phase-field models have been used to simulate charge-discharge cycling in liq-

uid electrolyte batteries[25 , 32 ], they are rarely applied to SSBs. In this work, we employ

DFT-informed phase-field simulations to investigate dendrite growth during repeated plat-

ing–stripping cycles in solid-state batteries. As a representative system, we consider Na metal

anodes paired with the polycrystalline sulfide solid electrolyte Na3SbS4 (NAS). Simulations

are performed under varying applied voltages and grain structures to capture the interplay

between electrochemical and geometric factors. Through this study, we aim to reveal the

mechanisms governing microstructural evolution during repeated plating and stripping and

to provide guidance for optimizing Na-SSB design toward stable and reliable device perfor-

mance.
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2. Methods

In this study, we rely on phase-field simulations to predict Na dendrite evolution, while using

DFT calculations to get materials-specific parameters for the phase-field model. In particu-

lar, we predict surface electron concentrations in NAS from DFT. As noted in [33 ], surface

electrons play a critical role in dendrite formation and evolution in solid-state batteries,

where excess electrons at surfaces and grain boundaries (GBs) of polycrystalline solid elec-

trolytes can promote additional electrodeposition. This phenomenon reduces the resistance

of solid electrolytes to dendrite growth, thereby compromising electrochemical stability.[15 ]

We note that the SE structures considered here do not contain explicit free surfaces but are

dominated by grain boundaries and internal interfaces. Therefore, the use of surface elec-

tron densities derived from DFT slab calculations to represent interfacial electron densities

constitutes an approximation.

2.1 DFT Calculations

The DFT calculations were performed using the Vienna Ab initio Simulation Package (VASP)

[34 , 35 ]. The NAS crystal structure (mp-10167) was sourced from the Materials Project

database.[36 , 37 ] To investigate excess surface electrons, slab models were constructed for

the (100), (110), and (111) surfaces, where all cells have a vacuum of at least 35 Å. Exchange-

correlation effects were treated within the generalized gradient approximation (GGA) using

the Perdew, Burke, and Ernzerhof (PBE) functional.[38 ] A plane-wave cut-off energy of 300

eV was used. For the bulk and slab systems, Brillouin zone integration was performed using

Γ-centered k-point grids of 3 × 3 × 3 and 3 × 3 × 1, respectively. To determine the excess

electron density at the temperature of T = 300 K used in the phase-field simulations, Fermi-

Dirac smearing was applied to account for the electronic occupation while maintaining a

fixed ionic configuration.
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2.2 Phase-field Model

Consider an electrochemical reaction of Na+ + e− ←→ Na in the Na-SSB system without

any side reactions, mechanical effects, and compounds forming during plating and stripping.

To describe the microstructure evolution during this process, we define an order parameter

ξ to distinguish Na metal (ξ = 1) and NAS SE (ξ = 0), and another order parameter ϕg to

describe SE grains, distinguishing SE grain interior (ϕg = 1) and GBs (ϕg = 0)[15 ]. We also

define cNa as the total site concentration of Na, c0 as the reference Na site concentration of

NAS SE, cNa+ as the local Na ion concentration, and ce− as the electron concentration. c̃

= c
cNa

corresponds to the order parameter ξ, and c̃i =
ci
c0

(i = Na+, e−) stands for the reduced

Na ion and electron concentrations. The total free energy of this system can be written in

the form of:

F =

∫
(fbulk + fgrad + felect)dV (1)

The bulk free energy is defined as:

fbulk = wgdw(ξ) + 5w
N∑

ϕg=1

ξ2ϕ2
g + f0(c̃, c̃Na+ , c̃e−) (2)

where w is the double-well potential height, gdw is the double-well potential energy func-

tion defined as gdw(ξ) = ξ2(1 − ξ)2; we assume ϕg is not evolving during Na plating and

stripping.

f0 is the chemical free energy of the system: [28 ]

f0 =
∑
i

ciµ
0
i + cNaRT (c̃lnc̃) + c0RT (c̃Na+lnc̃Na+ + c̃e−lnc̃e−) (3)

where µ0
i (i = Na+, e−, Na) is the reference chemical potential of species i. R is the ideal

gas constant.

The gradient energy can be defined as:
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fgrad =
1

2
κ(θ)(∇ξ)2 (4)

where κ(θ) is the orientation-dependent gradient coefficient with expression of κ(θ) =

κ0(1+δ×cos(ωθ(ξy, ξx))). κ0 and w are related to the Na/SE interfacial energy and interface

thickness, δ is associated with the anisotropy strength of the Na/SE interface, ω = 4 is the

crystallographic symmetry of body-centered cubic Na metal, and θ(ξy, ξx) denotes the local

interface orientation angle defined by the direction of normal vector from the order-parameter

gradients (ξy, ξx), measured with respect to the reference ξx axis.

The electrostatic energy density is:

felect = F
∑

ziciϕ (5)

where F is the Faraday constant, zi (i = Na+, e−) is the valence of the species, and ϕ is

the electric potential.

The total overpotential can be defined as:

η = ∆ϕ−∆ϕeq =
∆µ

nF
=

1

nF

∑
i

∂F

∂ci
(6)

where ∆ϕeq is the reference overpotential and n = 1 for Na charge transfer.

Therefore, the governing equation for electrodeposition in a solid-state half-cell is a non-

linear Allen-Cahn equation coupled with Butler-Volmer kinetics [28 , 39 ]:

∂ξ

∂t
=− Lξ[wg

′(ξ) + 10wξϕ2
g −∇ · (

∂fgrad
∂∇ξ

)]

− Lϕh
′(ξ) exp

[(
(1− α)Fη

RT

)
− c̃Na+ c̃e−

(
(−α)Fη

RT

)] (7)

where Lξ is the interface mobility, Lϕ is associated with the exchange current of elec-

trodeposition, α is the symmetry coefficient of the anodic and cathodic reactions, and
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h(ξ) = 6ξ5 − 15ξ4 + 10ξ3 is an interpolation function. c̃e− has an expression of c̃e− =

ce−
c0

= ξ+ csurf
c0

(1− ξ)(1− ϕg) where csurf is the surface electron concentration of SE obtained

from DFT calculations. The details of the nonlinear phase-field model for electrodeposition

can be found in Chen et. al.[28 ]

The governing reaction-diffusion equation for Na ion concentration evolution is:

∂c̃Na+

∂t
= ∇ ·Deff(∇c̃Na+ +

F c̃Na+

RT
∇ϕ)− cNa

c0

∂ξ

∂t
(8)

where Deff is the effective diffusivity of Na+ in the form of h(ξ)DNa + (1 − h(ξ))ϕgDSE.

DNa and DSE are the diffusivity in pure sodium and solid electrolyte, respectively.

The electric potential distribution is governed by the current conservation equation:

∇ · [σeff(ξ)∇ϕ] = −cNaF
∂ξ

∂t
(9)

where σeff is the effective conductivity described as σeff(ξ) = h(ξ)σNa + (1− h(ξ))ϕgσSE and

σNa and σSE are the overall conductivity of pure sodium and solid electrolyte, respectively.

The phase-field simulation is set up and performed in a 2-D half-cell configuration, as

illustrated in Figure 1. The initial polycrystalline microstructure of NAS in the simulation

is generated using a phase-field model of grain growth[40 ], which gives ϕg distributions. The

left boundary of the simulation region is the Na anode. We apply a time-dependent electric

potential on the left and right boundaries:

ϕ(t) =


−ϕ0 · tanh

[
10 sin

(
2πttotal
tcycle

)
t
]
, x = 0

0, x = 1

(10)

where ϕ0 is set to 0.2 V in this study. ttotal=0.01 s and tcycle=0.002 s are the total

simulation time and the time for each plating-stripping cycle, respectively. x = 0 and x = 1

are the left and right boundaries of the system, representing the anode and solid electrolyte,

respectively. Dirichlet boundary conditions are imposed on ξ and c̃Na+ . Specifically, at x = 0,
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ξ = 1 and c̃Na+ = 0, while at x = 1, ξ = 0 and c̃Na+ = 1 as Figure 1 indicates.

𝜙𝜙 =V(t)
Left BC Right BC

𝜉𝜉 =1

𝑐̃𝑐𝑁𝑁𝑁𝑁+ =0

𝜙𝜙 =0

𝜉𝜉 =0

𝑐̃𝑐𝑁𝑁𝑁𝑁+ =1

Polycrystalline
Na3SbS4

Na

Zero-flux BC

Zero-flux BC
200 μm

Figure 1: Schematic illustration of phase-field model setup and boundary conditions (BCs).
The blue, orange and grey colors correspond to the Na anode, NAS grains, and NAS GBs,
respectively

.

All simulations were performed using the finite element method using COMSOL Mul-

tiphysics 6.2. The simulation domain size is 200 × 200 µm2, discretized into a 250 × 200

rectangular mesh. The key parameters used in the phase-field simulations are summarized

in Table 1.

3. Results and Discussions

3.1 Surface Electron Density

In this section, we present the DFT-calculated surface electron densities and a corresponding

parametric study to evaluate the sensitivity of our model to these values and their inherent

anisotropy. Our findings indicate that while the absolute magnitude of the electron density is
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Table 1: Key phase-field parameters and their values.

Parameter Symbol Real value Normalization Reduced
value

Notes

Interfacial mo-
bility (Na)

Lξ 2.5 × 10−6

m3/(J × s)
L̃ξ = Lξ×(E0×
∆t0)

1.5 × 105

Reaction pref-
actor

Lϕ 1.0 s L̃ϕ = Lϕ ×∆t0 4000

Gradient en-
ergy coefficient

κ 3.68 × 10−6

J/m
κ̃ = κ/(E0× l20) 2.45 × 10−5

Interface width λ 2.5 × 10−6m λ̃ = λ/l0 2.5 × 10−2

Interfacial en-
ergy

γ 0.98 J/m2 γ̃ = γ/(E0× l0) 6.5 × 10−4 (approx.)

Barrier height w 3.36 × 106

J/m3
w̃ = w/E0 0.16

Time step ∆t 0.2 s ∆t̃ = ∆t/∆t0 5 × 10−5

Domain size l 2.0 × 10−4m l̃ = l/l0 2
Electrical con-
ductivity (Na)

σe
Na 2.1 × 107 S/m σ̃e

Na = σe
Na ×

∆t0RT
l20c0F

2

1.21 × 109

Ionic conduc-
tivity (SE)

σi
SE 3.1 × 10−5 S/m σ̃i

SE = σi
SE ×

∆t0RT
l20c0F

2

1.78 × 10−3 [41 ]

Diffusivity (in
Na)

DNa 1.15 × 10−16

m2/s
D̃Na = DNa ×
(∆t0/l

2
0)

4.6 × 10−5 assume same as
DSE

Diffusivity (in
Na3Sb)

DNa3Sb
1.15 × 10−20

m2/s
D̃Na3Sb

=
DNa3Sb

×
(∆t0/l

2
0)

4.6 × 10−9 assume 10−4 ×
DNa

Diffusivity (in
SE)

DSE 1.15 × 10−16

m2/s
D̃SE = DSE ×
(∆t0/l

2
0)

4.6 × 10−5 calculated
from[41 ]

Note: l0 =1 × 10−4 m, E0 =1.5 × 107 J/m3, ∆t0 = 4 × 103 s, c0 =7.22 × 104 mol/m3

a critical parameter, the calculated anisotropy has a negligible impact on the overall results.

This justifies the use of an isotropic approximation in subsequent simulations, simplifying

the model without sacrificing physical accuracy.

3.1.1 DFT Results for Surface Electron Density

Periodic symmetric slabs of NAS for the (100), (110), and (111) surfaces with at least

35 Å vacuum layer were constructed and relaxed with dipole corrections enabled to correct

the errors introduced by interslab interactions through the periodic boundary conditions.

Figure 2(a) shows the (100) surface as an example. Surface charges on the atoms were
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calculated from Bader charge analysis[42–44 ] where the Bader charges of the different species

in the relaxed bulk structure were subtracted from their equivalents in the slab. Figure 2(b)

shows the resulting excess charges for the (100) slab with T = 300 K Fermi smearing. The

outermost surface atoms are located at 16 Å and 50 Å, respectively. The corresponding

excess charges for the (110) and (111) surfaces are shown in Figures S1 and S2 in the

Supplementary Information. For the (100) and (110) slabs, surface dipoles arise primarily

from dangling S bonds, which are the primary sites for charge redistribution. As is well

known,[45 ] these unsaturated bonds lead to deep gap-states, which can be seen in Figure

2(c) in the electronic Density of States (DOS) of the slab in comparison to the bulk DOS.

The fact that the Fermi level for the slab DOS cuts through the defect peak indicates that

the gap state from the dangling bond is occupied by an electron not involved in covalent

bonding, which thus results in surface charge.

Based on the DFT calculations, we determined the surface electron densities for different

NAS crystal planes, as summarized in Table 2. The surface electron density exhibits some

anisotropy, where the value on the (100) plane is approximately 2.6 and 2.3 times higher

than those on the (110) and (111) planes, respectively. This variation can be attributed to

differences in the surface S and Sb-atom density and the resulting dangling-bond charges as

shown in Figs. S1 and S2 in the SI.

While this anisotropy can be mathematically described by Eq. S3 and integrated into

the phase-field model, our sensitivity analysis in the following section and in Section S3

of the Supplementary Information indicates that using anisotropic charge density yields

only small differences compared to an isotropic approximation. Consequently, we assume

an orientation-independent surface electron concentration, calculated by averaging over the

sampled crystallographic orientations. This simplification is particularly advantageous given

the structural complexity of GBs in SEs, where identifying individual planes and evaluating

high-angle GBs remains a significant challenge.

The isotropic surface electron density used in our phase-field simulations is csurf =
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ρavge− /(2NAd) = 5.89 × 10−2 mol/cm3, where ρavge− = 7.09 × 1014 cm−2 is the Boltzmann-

weighted average for the surface charge including the facet multiplicities as described in

Sec. S2 in the SI, shown in Table 2. Furthermore, NA is the Avogadro constant, and

d = 1 Å is the approximate surface depth of excess electrons observed in our results such

as shown in Fig. 2(b). Alternative averaging approaches commonly found in the literature

where also examined as discussed in Sec. S2 of the SI. Since all the average values vary by

less than 10%, the final surface electron concentration is taken from the Boltzmann-weight

average with facet multiplicities.

Details of the surface energy calculations[46–49 ] and the associated chemical potentials

applied in the Boltzmann average calculations are provided in Sec. S2 of the Supplementary

Information: ”Additional average surface electron concentration and surface energy calcu-

lations”. Table 2 summarizes the surface electron concentration and the surface energy (γ)

from all three (100), (110), and (111) planes. Details of the anisotropic surface electron

concentration application are also provided in the Sec. S3 of the SI: ”Anisotropic surface

electron concentration”.

Table 2: Excess surface electron densities and surface energies of NAS for (100), (110), and
(111) planes.

Plane
z length

(Å)
γ

(meV/Å2)
Surface e− density

(cm−2)
Average ρavg

e−

(cm−2)
Location of

excess electrons

100 71.67 0.041 1.47× 1015 S
110 81.06 0.021 5.69× 1014 7.09× 1014 S
111 74.48 0.027 6.41× 1014 Sb

3.1.2 Parametric Phase-Field Study for Surface Electron Density

In this section, we provide justifications for incorporating the isotropic surface electron con-

centration obtained from DFT calculations into the phase-field framework. Firstly, we justify

approximating GB electron concentrations using surface electron concentrations. In realis-

tic cold-pressed or sintered Na3SbS4 electrolytes, pores and grain boundaries coexist with
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(a) (b)

(c)

Figure 2: (a) NAS slab of (100) direction with elements marked Na (blue), S (orange), and
Sb (green). (b) DFT results for excess electron charge densities from Bader charges for
the NAS (100) surface. (c) Electronic density of states (DOS) of the NAS (100) slab in
comparison to the bulk DOS.

broadly distributed surface orientations and GB misorientations. Quantifying the electron

concentration of general high-angle GBs directly by DFT remains challenging because con-

structing representative GB supercells requires substantially larger cells and computational

cost, while more complex atomistic approaches may be needed for realistic disordered in-

terfaces. Similar surface-to-GB electron-density approximations have also been adopted in

previous studies.[15 ]

Secondly, in order to demonstrate a posteriori why the DFT calculation of the charge

density was necessary, we performed a parameter study of the surface electron concentration

for one plating-stripping cycle, as shown in Supplementary Figure S5. The simulation results
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clearly demonstrate that the surface electron concentration critically determines both the

Na dendrite penetration depth during plating, and the size of isolated Na (often referred to

as “dead” Na) during stripping, as detailed in Sec. S4 of the Supplementary Information.

Thirdly, to justify the incorporation of isotropic averaged surface electron concentrations,

we also performed a phase-field simulation with anisotropic surface electron concentrations

in the 2-D xy-plane, with details reported in Sec. S3 of the Supplementary Information. The

results demonstrate that the overall dendrite penetration depth remains nearly identical to

that obtained using the isotropic surface electron concentration.The primary difference is

that the dendrite tip morphology exhibits a slight orientation preference compared with

the isotropic case. These results support the use of the averaged isotropic surface electron

concentration described in the previous section for all the following simulations. Future

work will explicitly quantify GB-specific electron densities using DFT and complementary

atomistic methods.

In addition, although other Na solid electrolytes were not explicitly simulated in this

work, previous DFT calculations have shown that surfaces and grain boundaries can re-

duce the electronic bandgap in several Na solid electrolytes, including Na2S, Na3PS4, and

NASICON.[50 ] These results suggest that enhanced surface- or GB-associated electronic

states may be a broader feature across Na solid electrolytes, although the magnitude of the

effect depends strongly on both the material chemistry and the specific surface or GB ori-

entation. Therefore, extension of the present DFT–phase-field framework to other sulfide

solid electrolytes is indeed feasible to further investigate the Na dendrite growth and dead

Na accumulation behaviors in different SEs.

3.2 Isolated Metallic Na Formation and its Impact on Continuous

Cycling

In this section, we investigate the Na plating and stripping behaviors inside grain boundary

channels connected to the Na anode, with 5 consecutive plating-stripping cycles at an applied
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voltage of ±0.2 V (Figure 3).

Figure 3(a) and (f) show that dead Na already forms at the grain triple junction of the

solid electrolyte during the first stripping cycle. During subsequent plating, the advancing

dendrite from the anode preferentially reconnects with these isolated Na regions, reactivating

them and re-establishing electronic transport. Once reconnected, electrons can again be

supplied to the dendrite front, enabling continued Na penetration into the solid electrolyte.

Consequently, isolated Na not only facilitates further dendrite growth during plating but

also exhibits distinct kinetic behaviors during stripping.

100 μm

100 μm

Figure 3: Snapshots of the Na dendrite(blue)– polycrystalline NAS SE(orange)- GBs(gray)
during five consecutive electrochemical cycles under an applied voltage of 0.2 V. Panels (a–e)
show the plating process, and panels (f–j) show the corresponding stripping process. The
sequence highlights the role of isolated Na remnants formed during stripping, which act as
preferential sites for subsequent Na deposition and progressively promote dendrite growth
over repeated cycling. Full cycling animation is provided in Supplementary Figure S8.

The root cause of isolated Na formation can be attributed to asymmetric electronic

accessibility imposed by the SE GB geometry. At the onset of stripping, Na dissolution

proceeds primarily through rapid sidewall retreat. This behavior arises from the sharp

potential gradient between the Na dendrite inside GB and the surrounding SE (Figure 5(b)).

The early-stage stripping is thus dominated by electrochemical driving force. Consequently,

the dendrite progressively thins, as illustrated in Figure 5(e-f). As stripping continues, the

dendrite stem becomes thinner than the Na region anchored near the grain triple junction.

This morphological asymmetry imposes an electronic transport constraint: electrons can only
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be supplied through a narrowing stem, which acts as a bottleneck. The resulting current

constriction localizes dissolution at the stem immediately upstream of the triple junction,

producing a necking instability and ultimately reducing the electronic connection. As a

result, Na at the triple junction becomes isolated. The sharp curvature developed near

the neck in Figure 5(g) reflects the strong spatial imbalance in dissolution rate between

the constricted stem and the more stable Na region beyond the triple junction. To further

verify the geometric asymmetry introduced by the triple junction, Na stripping in a parallel

grain structure with the same parameter setup is shown in the Figure 4(a-b). The result

shows nearly complete dissolution of Na metal, with little to no isolated Na remaining after

stripping.

100 μm

100 μm

Figure 4: Sensitivity analysis of the governing factors for isolated Na formation within SE
grain boundaries. (a-b) Na plating and stripping in parallel GBs without triple junctions,
isolating the impact of GB geometry and confinement on metal propagation. (c-d) Na
plating and stripping in a hypothetical system with uniform conductivity, demonstrating that
without local electronic/ionic heterogeneities, isolated metallic Na formation is significantly
suppressed.

A second notable phenomenon is observed after disconnection, where the dissolution ki-

netics of connected dendrites and isolated Na differ markedly. Connected dendrites dissolve

rapidly because they remain electronically coupled to the bulk Na anode, enabling sustained

charge transfer. In contrast, once Na becomes isolated, its dissolution rate decreases sub-

15



stantially. The stripping of isolated Na is governed by three coupled effects: (a) formation

of a negative-potential basin, (b) local Na+ shielding, and (c) interfacial curvature.

Figures 5(c–d) show that, after disconnection, the isolated Na behaves as a floating

metallic inclusion. Polarization under the applied field redistributes the local potential, gen-

erating a negative-potential basin and reducing the electric-field strength at the Na surface.

In addition, because Na metal is highly electronically conductive while NAS is predominantly

ionically conductive, the resulting transport mismatch promotes local Na+ accumulation near

the isolated Na interface. This accumulation further suppresses stripping(Figure 5(g–h)).

Figure 5: Electric potential (a–d) and Na+ concentration (e–h) distributions immediately
before and after dendrite stripping. Early stripping initiates along the Na–grain-boundary
sidewalls due to sharp potential gradients (a,b). Following electronic disconnection, a lo-
calized negative-potential basin forms around the isolated Na, indicating field redistribution
and current bypass (c,d). The corresponding Na+ shielding and curvature contrast between
the narrowed neck and the triple-junction Na highlight transport-limited dissolution and
kinetic stabilization of isolated Na (e–h).

Although curvature effects might intuitively be expected to accelerate the dissolution of

isolated Na, Figures 5(g)–(h) indicate that curvature plays only a limited role once stripping

becomes transport-limited. At early stages, curvature-driven thermodynamic instability may

contribute to Na dissolution while residual electrons are still available within the isolated Na.

However, after electronic depletion, a sharp interfacial curvature can persist while electron

transport is effectively cut off, leading to a dramatic drop in the dissolution rate. Thus,
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despite being thermodynamically unstable and possessing a high local chemical potential,

isolated Na becomes kinetically trapped and remains largely intact during stripping. To

verify the effect of the conductivity difference, we perform simulations under uniform con-

ductivity throughout the system (Figures 4(c-d)). Without the conductivity imbalance, the

curvature effect becomes the dominant driving force for stripping along all three branches of

the junction, resulting in complete dissolution of Na within the SE without the formation of

isolated Na.

Ultimately, isolated Na metal directly promotes continuous dendrite penetration into

the SE through repeated reactivation during plating and its reduced dissolution kinetics

during stripping. As a result, both the dendrite and the isolated Na progressively pene-

trate deeper into the solid electrolyte over successive cycles, as evidenced by the continuous

plating–stripping evolution shown in Figure 3(b)–(e) and (g)–(j).

3.3 Na Dendrite Growth through polycrystalline SE particles under

varying applied voltage

Because isolated Na facilitates continued dendrite penetration into the SE, suppressing its

formation may effectively mitigate dendrite growth. To investigate the governing factors of

isolated Na formation under more realistic SE microstructures, a NAS SE containing multiple

spherical polycrystalline particles with internal GBs is considered (Figure 6). This structure

represents a cold-pressed SE microstructure without post-treatment, consistent with typical

half-cell fabrication conditions. Applied voltages of 0.15 V, 0.18 V, and 0.20 V are used to

evaluate their effects on Na dendrite penetration depth and isolated Na metal formation.

The spherical particle assembly adopted in this study represents an idealized approx-

imation of the microstructure of cold-pressed Na3SbS4. Experimental SEM observations

show that cold-pressed Na3SbS4 pellets contain irregularly shaped particles, heterogeneous

interparticle contacts, and residual pore space, with substantial changes in packing and den-

sification depending on powder processing and composition.[51 ] In realistic microstructures,
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irregular particle shapes and broad grain-size distributions can generate nonuniform grain-

boundary spacing and local geometrical constrictions. At the same time, heterogeneous

packing can produce preferentially connected grain-boundary and pore networks. In partic-

ular, interconnected or elongated pores may provide more continuous free-volume pathways

for Na penetration than the isolated pores represented in the present model. They may

also increase the likelihood of incomplete Na removal during stripping. Consequently, the

exact penetration depth and isolated-Na distribution are expected to depend quantitatively

on the actual electrolyte morphology, whereas the present simplified geometry is intended to

capture the underlying mechanistic roles of grain boundaries, triple junctions, and pores.

Figure 6 presents snapshots from the fifth plating–stripping cycle, illustrating the voltage-

dependent evolution of dendrite morphology and isolated Na. A clear trend is observed in the

dendrite penetration depth: the shallowest penetration of 79 µm occurs at 0.15 V, whereas

progressively deeper penetration is observed at 123 µm and 183 µm for 0.18 V and 0.20

V, respectively (Figure 7). This trend correlates directly with the extent of isolated Na

formation, which is minimal at 0.15 V but becomes increasingly pronounced at 0.18 V and

0.20 V within intergranular voids.

The presence of intergranular voids inside the SE microstructure also leads to distinct

plating behaviors. Figure 6 shows that Na propagates more rapidly within voids than along

intragranular GBs. Compared with GBs, voids possess larger surface areas with more surface

electrons, enabling rapid Na propagation once an electronically conductive pathway from

the anode is established. In addition, voids possess larger free volumes than GBs, thereby

imposing fewer geometric constraints on Na dendrite propagation.

In addition to promoting faster dendrite growth, voids also facilitate isolated Na forma-

tion more readily than GBs (Figure 6). Rapid Na propagation during plating can also lead

to rapid disconnection during stripping, causing Na within voids to lose electronic continu-

ity more easily than Na within GBs. Furthermore, Na deposited in voids is surrounded by

SE interfaces, which undergo sidewall stripping as discussed in the previous section. The
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combined effects of accelerated propagation, enhanced sidewall stripping, and early elec-

tronic disconnection lead to the formation of isolated Na within intergranular voids between

spherical SE particles. Consequently, at 0.15 V, isolated Na is minimal because Na does

not penetrate deeply enough to become enclosed by SE particles. In contrast, at 0.18 V

and 0.20 V, sufficient Na deposition occurs within voids, promoting rapid sidewall stripping

and the formation of isolated Na. Therefore, as discussed previously, isolated Na acts as

a secondary electron source during subsequent plating, thereby assisting further dendrite

penetration during cycling.

100 μm

100 μm

Figure 6: Snapshots of the fifth plating–stripping cycle in a SE microstructure with multiple
polycrystalline NAS particles (Na metal (blue), SE (orange), and either void or GBs (gray))
at applied voltages of (a,d) 0.15 V, (b,c) 0.18 V, and (c,f) 0.20 V. Full cycling animation for
each applied voltage is listed in Supplementary Figures S9-S11
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Figure 7: Bar chart summarizing the Na dendrite penetration depth across five consecutive
plating–stripping cycles at each applied voltage.

3.4 Impact of SE and Anode Microstructures

The influence of SE and anode microstructures on dendrite growth is critical, as geomet-

ric features can strongly modulate transport pathways and affect the stripping behavior

discussed previously. To further explore these effects, we consider three cases: (1) a re-

fined SE microstructure with an average grain size of 30 µm and substantially thinner grain

boundaries; (2) the refined SE microstructure in (1), combined with a composite anode

(Na+Na3Sb); and (3)a SE with polycrystalline particles and voids as in the previous section.

We consider the composite anode (Na+Na3Sb) is that anode engineering has been exper-

imentally explored as a complementary strategy to suppress dendrite penetration. In our

simulation, we introduce a single Na3Sb particle into the Na anode, which is described by

a non-evolving order parameter ϕNa3Sb
. We assume that the Na3Sb particle is electronically

conductive but has a low ionic diffusivity of DNa3Sb
= 10−4DNa. An applied voltage of 0.20

V was used for all cases (Figure 8).

Figure 9 compares the Na metal penetration depth for different SE and anode microstruc-

tures. As the grain size decreases, the number of GBs increases, introducing additional

transport pathways for both electrons and Na+ ions. Moreover, a higher GB density is unfa-

vorable for retaining Na dendrites during stripping because the primary driving force for Na
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100 μm

100 μm

Figure 8: Snapshots of the fifth plating–stripping cycle for different SE and anode microstruc-
tures. (a,d) Pure Na anode with refined polycrystalline SE; (b,e) (Na+Na3Sb) composite
anode with refined polycrystalline SE; (c,f) Pure Na anode with multiple polycrystalline SE
particles. Na metal is shown in blue, SE grains is shown in orange, Na3Sb is shown in light
blue, and gray indicates either voids or GBs. Additional full cycling animation for pure Na
anode and alloyed-anode in dense microstructure is provided in Supplementary Figures S12
and S13.

dissolution arises from the potential gradient at the Na metal–SE interface. Consequently, a

greater number of GBs increases the interfacial contact area between Na metal and the SE,

thereby making interfacial potential gradients more dominant than curvature effects during

stripping.

The potential distributions at two early time points during the first stripping cycle, shown

in Figure 10(a–f), further illustrate the differences among SE microstructures. For the dense

SE, the behavior is similar to that discussed previously (Figure 5); however, the presence of

more numerous, thinner GBs ensures more complete Na dissolution by providing stronger

potential gradients and more effective transport pathways. As a result, isolated Na does not
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Figure 9: Bar chart summarizing the Na dendrite penetration depth across five consecutive
plating–stripping cycles for each microstructural condition.

form at triple junctions despite the increased geometric complexity.

From the perspective of anode engineering, introducing an alloyed anode with signifi-

cantly lower Na+ diffusivity suppresses Na deposition during plating, leading to a lower Na

concentration in the deposited metal and reduced dendrite penetration from 113 µm(pure

Na anode) to 104 µm, corresponding to an 8% reduction, after five cycles (Figure 9). This

effect also lowers the potential gradient between the Na metal and SE at the dendrite front

(Figure 10(a,c)), while maintaining sidewall stripping. This behavior is further supported by

the Na+ concentration snapshots in Figure 10(i,j), compared with the dense SE case using a

pure Na anode (Figure 10(g,h)). Together, these effects result in faster Na dissolution within

the same stripping duration, highlighting the advantage of the alloyed anode for dendrite

suppression and isolated Na mitigation.

In contrast, the previously discussed polycrystalline SE particle microstructure exhibits

the deepest dendrite penetration of 183 µm (Figure 9) and a slower dissolution rate during

stripping (Figure 10(k,l)) compared with dense SE microstructures. Owing to the presence

of voids and a lower GB density, the overall potential gradient in the spherical SE is more

spatially homogeneous (Figure 10(e,f)). Consequently, sidewall stripping proceeds more

slowly than in dense SEs, where additional GBs provide increased interfacial contact. This
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contrast is evident when comparing Figures 10(g,h) and 10(k,l): at the same stripping time,

a substantial amount of Na metal remains within the spherical SE, consistent with the

formation of isolated Na discussed earlier.

100 μm

100 μm

Figure 10: Electric potential and Na+ distribution of dense SE (a-b,g-h), dense SE with
Na3Sb alloyed-anode (c-d,i-j), and polycrystalline SE particles (e-f,k-l) right after the start
of stripping, respectively. A different stripping rate is indicated through (h,j,l), showcasing
the impact of SE microstructure with GBs and voids.

Comparing to experimental observation, direct operando visualization of Na penetra-

tion at individual grain boundaries and triple junctions in Na3SbS4 remains experimentally

challenging. Recent operando SIMS characterization of solid-state Na cells has revealed

Na transport columns extending through ceramic solid electrolytes and linked their for-

mation to bulk/grain-boundary transport, interfacial degradation, and dendrite formation,

although the individual grain boundaries could not be directly resolved at the available spa-

tial resolution.[52 ] Thus, the comparison between experiment and the present simulations

is primarily mechanistic rather than a direct morphology-to-morphology validation. The

experimentally observed preferential Na transport and dendrite formation through heteroge-

neous electrolyte regions are consistent with the defect-assisted propagation predicted here.

In this context, the phase-field simulations provide complementary insight by resolving the

temporal evolution of Na along individual grain boundaries, pores, and triple junctions,

which remains difficult to capture experimentally.

In summary, the SE microstructure plays a critical role in regulating Na dendrite growth.
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Increasing the density of fine-GBs provides additional Na metal–SE interfacial area, which

enhances sidewall dissolution and reduces the time required for complete stripping. Incor-

porating a diffusivity-hindered Na3Sb particle into the Na anode further suppresses dendrite

penetration by lowering the effective Na+ transport rate, resulting in reduced Na accumu-

lation within the deposited metal and more efficient stripping. In contrast, the presence of

voids promotes preferential Na deposition while providing a relatively limited Na metal–SE

interfacial area, leading to deeper dendrite penetration and the formation of isolated Na

metal.

4. Conclusion

We have reported an atomically-informed phase-field investigation of Na dendrite evolution

during multiple plating–stripping cycles in Na SSBs.

We have first shown with a parametric phase-field study that the interfacial excess elec-

tron concentration is a critical parameter that determines the Na dendrite penetration depth

during plating and the size of isolated Na during stripping. Since the electron density is dif-

ficult to measure experimentally, we have used DFT calculations to quantify the interfacial

electron density, approximated by the surface charges of NAS for three high-symmetry sur-

faces. A second parametric phase-field study then showed that the observed anisotropy

of the surface charge has a negligible effect on the phase-field results, allowing the surface

charge density to be approximated isotropically using an averaged value of 7.09×1014 cm−2.

Incorporation of this parameter into phase-field simulations then enables a mechanistically

consistent description of dendrite evolution across cycles.

The phase-field simulations reveal that dendrite stripping is intrinsically asymmetric,

leading to the formation of isolated Na metalthat persist between cycles and act as a struc-

tural memory for dendrite penetration in subsequent cycles. This isolation originates from

geometric constraints at grain-boundary junctions, which promote premature electronic dis-
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connection during stripping. Although thermodynamically unstable, isolated Na metal re-

mains kinetically trapped and is readily reactivated during subsequent plating, accelerating

dendrite penetration with continued cycling.

We further identify applied voltage, electrolyte microstructure, and anode chemistry

as effective external controls for suppressing this memory effect. Lower voltages, dense

microstructures with fine grain boundaries, and the introduction of a low-diffusivity Na3Sb

phase collectively enhance stripping efficiency and suppress dendrite growth. Together, these

results establish isolated Na as a central origin of dendrite memory effects and provide design

principles for stabilizing Na SSBs, with predictions that can be examined experimentally.

Future experimental validation may employ synchrotron X-ray tomography or in situ

electron microscopy to track Na accumulation, void evolution, and residual Na near grain

boundaries and triple junctions. The present DFT–phase-field framework can also be ex-

tended to other sulfide solid electrolytes, such as Na3PS4-based and compositionally modified

Na3SbS4 systems, by incorporating material-specific electronic, transport, and interfacial pa-

rameters obtained from first-principles calculations and experiments. Both side reactions and

mechanical effects may also be incorporated in future work to capture the coupling between

chemo-electrochemical evolution and stress development in SSBs. Such extensions would en-

able systematic comparison of how electrolyte chemistry, microstructure, and grain-boundary

properties influence Na penetration and isolated-Na formation.
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