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Sodium metal anode is heralded as a cornerstone for next-generation sodium battery technologies due to their
low cost, high theoretical capacity, and elemental abundance. However, their practical deployment is hindered
by the spontaneous formation of unstable heterogeneous solid electrolyte interphase (SEI), which induces uneven
Na* deposition and uncontrolled dendrite growth. In this work, we report an ex-situ surface modification strategy
using SnF; based solution, which reacts with sodium to form a NajsSns/NaF dual-phase artificial SEI layer. The
NajsSny alloy acts as a sodio-philic and conductive scaffold to the Na surface, which promotes homogeneous Na™
deposition and mitigating volume fluctuations. Meanwhile, the NaF component provides electronic insulation
and mechanical reinforcement, effectively suppressing dendrite propagation. As a result, modified symmetric
cells exhibit stable cycling for over 2000 hours with low overpotential, far outperforming pristine Na anode. The
interlayer’s effectiveness in dendrite suppression was also confirmed by in-situ optical microscopy. Furthermore,
the Na;5Sn4 alloy/NaF (abbreviated as NS-a/NaF) anode delivers a high areal capacity (30 mAh cm’z), excellent
rate capability (10 mA cm’z), and stable performance over 200 cycles at 1C in full cells paired with NazVa(PO4)3
cathode. This study presents a practical and scalable strategy for stabilizing sodium metal interfaces for high-

performance rechargeable batteries.

1. Introduction

Over the past three decades, lithium-ion batteries (LIBs) have
emerged as the dominant power source for modern electronic devices
and electric vehicles (EVs), primarily due to their high energy density,
long cycle life, and low self-discharge rate. These advantages have
driven their widespread adoption across various applications, including
large-scale energy storage systems (ESS) [1-3]. However, limited nat-
ural abundance of lithium, high cost of raw materials, and increasing
sustainability concerns present significant obstacles to the large-scale,
long-term deployment of LIBs. After more than a decade of intensive
research, metallic sodium has gained widespread recognition as a
leading candidate to replace lithium, particularly as a high-potential
anode material for next-generation rechargeable batteries [4-6].
Metallic sodium, used directly as the anode in sodium metal batteries
(SMBs), possesses several intrinsic properties that make its highly
attractive, such as high theoretical specific capacity of 1166 mAh g™,
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low density (0.968 g cm ™), and a low standard electrochemical po-
tential (—2.71 V vs. SHE). Compared to lithium-based systems, SMBs
offer several techno-economic advantages, primarily arising from the
natural abundance of sodium (~2.3 % Na vs. ~0.007 % for lithium in
the Earth’s crust) and significantly low raw material costs (approxi-
mately $4/kg) [7-9]. These characteristics lay a strong foundation for
the development of high-energy, cost-effective, and scalable
sodium-based energy storage systems. Furthermore, sodium metal is
actively being investigated in various advanced battery systems,
including sodium-sulfur (Na-S)batteries [10], all-solid-state sodium
batteries [11] and sodium-oxygen (Na-O,) batteries, [12] sodium
carbon-dioxide (Na-CO>) batteries, [13] owing to its outstanding energy
storage characteristics. Although sodium metal batteries are considered
promising alternatives to lithium-based systems, their practical imple-
mentation is hindered by severe dendrite formation.

In particular, the direct use of sodium (Na) metal as an anode in
batteries poses significant safety related challenges, due to its high
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reactivity and thermodynamic instability, especially when in contact
with organic electrolytes. They are generating a uneven, non-uniform
heterogenous solid electrolyte interphase layer on the sodium metal
surface [14,15]. These naturally generated SEI layer is ionically
conductive and resists electron permeation, further preventing the
electrolyte decomposition, but its spontaneous formation results in
structural instability, which is further exacerbated during repeated so-
dium(Na™ plating and stripping cycles. Over extended cycling, the
unstable SEI cannot withstand the internal mechanical stress caused by
non-uniform Na™ deposition, eventually leading to SEI rupture. Once its
ruptured, the SEI develops numerous nanoscale defects and micro voids,
exposing fresh sodium metal to the electrolyte over again. These newly
exposed regions facilitate further uncontrolled electrochemical re-
actions, forming additional SEI layers in a self-reinforcing loop. The
continuous SEI breakdown and regeneration not only consume electro-
lyte and active sodium, but also exacerbate dendrite growth in severe
manner [16-18].

To address the persistent challenges associated with Na metal an-
odes, various strategies have been developed. These approaches
including electrolyte modifications such as replacing new solvents,
electrolyte composition modification, incorporation of high-
electronegative additives to stabilize the SEI [19,20]. Several reports
have already been published on three-dimensional (3D) structured
host-type anodes, to improve the reversible plating/stripping behavior
in lithium metal anodes [21-25]. Likewise,3D current collector designs
for sodium metal anodes, including carbon-based and highly conductive
metal-based hosts with large specific surface areas and by reducing local
current density it facilitates dendrite-free Na® deposition [26,27].
However, the thickness of the host-type anode increases with the
amount of sodium used during cycling, contributing to higher fabrica-
tion costs and larger overall battery sizes. In this context, interphase
engineering emerges as a primary and cost-effective strategy for
dendrite suppression. Recent studies have increasingly focused on
developing artificial SEI layers with enhanced conductivity and me-
chanical strength to prevent dendrite formation. Na3Sb [28], NagP [29],
NaF [30], NaCl [31], NasBi [32], NaBr [33], Na-Bi [32], Na-Ga [14],
and Nagl [34]. Moazzam Ali et al. designed a multifunctional ex-situ
protective MnSe/ZnSe@C SEI layer. This hybrid structure offers
several advantages, in-situ generated NasSe phase enhances uniform Na*
ion transport, Mn contributes to improving the mechanical robustness of
the interlayer and Zn forms an alloy with Na, by introducing abundant
sodio-philic sites that facilitate uniform nucleation and deposition [35].
To achieve a fast-charging and high-capacity operation, which is suit-
able for practical applications, it is critical to eliminate rugged electrode
surfaces and develop interphases that simultaneously exhibit high ionic
conductivity, low interfacial resistance, high mechanical robustness,
and electronic insulation.

Herein, we report the successful formation of an artificial SEI
composed of Na;5Sng, a sodium rich sodio-philic conductive alloy, and
NaF electronically insulating phase, fabricated via a simple ex situ
method involving the dissolution of SnFs in dimethyl sulfoxide solvent.
Other tin halide precursors (SnCl; and SnBry in DMSO) were also eval-
uated, but they exhibited inferior electrochemical performance due to
their lower mechanical integrity. Then, the symmetric cells incorpo-
rating the NS-a/NaF(Na;sSns/NaF) interphase demonstrated remark-
able cycling stability (>2000 hours), outstanding rate capability (up to
10 mA cm™2), and high areal capacity (up to 30 mAh cm~2), repre-
senting a significant advancement in sodium metal battery design. The
interphase behavior of both pristine Na and NS-a/NaF was visually
observed using optical microscopy. Furthermore, full cells paired with
high-voltage NagVo(PO4)3(NVP) cathodes and either pristine or
interphase-treated sodium anodes were evaluated. The NS-a/NaF anode
delivered a high coulombic efficiency, high-rate capability, and excel-
lent cycling stability maintaining reversible capacity of 98 mAh g~! at
1C after 150 cycles. These results highlight that maintaining a stable
artificial interphase via ex situ surface engineering offers a scalable, low-
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cost strategy for suppressing dendrite formation and enabling the
development of high-energy-density sodium metal batteries.

2. Experimental parts
2.1. Materials used for artificial SEI layer preparation

Absolute sodium metal cubes (99.99 %), tin fluoride (SnF5, 99.99 %),
tin chloride (SnClg, 99.99 %), tin bromide (SnBrg, 99.99 %), from Sigma-
Aldrich and dimethyl sulfoxide (DMSO) solvent sourced from Junesi
Chemicals. Although the chemicals were supplied in anhydrous form,
they were further dried by heating overnight and subsequently stored
inside an argon-filled glove box to prevent moisture contamination. The
commercial electrolyte, 1 M sodium hexafluorophosphate (NaPFg) in
solvent (Diglyme), was purchased from Sigma-Aldrich and used for all
electrochemical measurements.

2.2. Na metal foil preparation

Initially, sodium metal cubes were retrieved from a mineral oil
container stored in an argon filled glove box. Subsequently, the sodium
cubes were wiped with dry tissue paper to remove residual oil and laid
over a thin plastic sheet. The oxidized surfaces and edges of the sodium
cubes were then carefully cutted using a knife until the fresh sodium
exposed. Following this, the resulting well-polished sodium metal was
continuously rolled until a flat sodium foil is obtained, which was cut in
to 12 mm discs and placed on a stainless-steel current collector for
further processes.

2.3. Preparation of NajsSny alloy/NaF

To prepare the modified electrodes, 0.15 M anhydrous SnF; solution
was prepared by dissolving SnF; in dissolving dimethyl sulfoxide sol-
vent. The resulting solution was stirred for 4 hours to promote dissolu-
tion, and the resulting suspension was uniformly coated onto freshly
polished sodium foil using a soft brush. Following the coating process,
the sodium foil was vacuum dried for 6 hours to ensure complete
evaporation of the solvent. The dried sodium foil was then punched into
12 mm diameter electrodes for electrochemical testing at room tem-
perature. All synthesis steps were performed in an inert atmosphere to
prevent oxidation.

2.4. Materials characterization

High-resolution X-ray diffraction (XRD, EMPyrean, PANalytical,
equipped with a Pixel 3D detector) using a Cu Ka source (1.8 kW& Max
60 kV, 55 mA) and wavelength ((A=0.15405 nm) was performed to
confirm the structural characteristics of the artificial SEI layers on the
sodium metal anodes. Field-emission scanning electron microscopy
(FESEM, S-4700, Hitachi, Japan) was employed to analyze the
morphology, uniformity, and surface composition of the artificial SEI
layer before and after cycling. Energy-dispersive X-ray spectroscopy
(EDS) was coupled with FESEM for elemental analysis. The composition
and oxidation states of the artificial SEI interphases were further
confirmed by using high-vacuum X-ray photoelectron spectroscopy
(XPS, Thermo Fisher Scientific, Al Ka radiation). Optical microscopy was
performed using the MSTECH-MST5500B instrument. During Na*
plating, optical microscopy was used to investigate dendrite formation
behavior in both cases. Plating/stripping studies for symmetric cells and
charge/discharge studies for full-cell systems were conducted using a
Wona-Tech battery cycler.

2.5. Electrochemical characterization

The coin cell (CR2032) was assembled in a glove box with an oxygen
and moisture level of less than 0.1 ppm. Electrodes prepared from both
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pristine Na and NS-a/NaF were utilized for symmetric cell and full-cell
studies. For the symmetric cells, pristine Na||pristine Na and modified
Na||modified Na configurations were tested. For full-cell fabrication,
NagVy(POy4)3 (NVP, MTI Korea). served as the cathode, while either
pristine Na or NS-a/NaF electrodes as the anode. The voltage window for
full-cell testing was maintained between (2.5 to 3.8 V vs. Na™) and
tested at low C rates to high C rates. The mass loading of the cathode is 6
mg cm ™2 The electrolyte used in these studies are 1 M NaPFg in diglyme,
and a polypropylene separator with a thickness of 15 um is employed.
For symmetric cells, 50 pL of electrolyte was used. In the full-cell
configuration, pristine Na||NagVa(PO4)3 (NVP) and modified Na|NVP
cells were assembled, using 200 uL of electrolyte. The plating/stripping
and charge/discharge characteristics of all electrodes were mentioned
above evaluated using the Wona-Tech battery cycler. Electrochemical
impedance spectroscopy (EIS) measurements were conducted with an
alternating potential of 10 mV across a frequency range from 200 kHz to
100 mHz. SEM images were captured under different electrodeposition
conditions and after various cycling intervals, while XPS analysis was
performed following multiple cycles using symmetric cell studies. LSV
plots were measured from (—0.2 to 0.2 V window) and different tem-
peratures EIS study (25-65 °C) using sodium symmetric cells at Biologic
workstation. For all the studies, sodium samples were prepared inside
the glove box, sealed in airtight containers with additional vacuum bags,
and quickly transferred to the measurement chamber to avoid air
exposure.

3. Results and discussion

(Fig. 1a) schematically illustrates the simple fabrication process for
creating an artificial ionically conductive NS-a/NaF interphase, by
manually coating a SnF, solution on the sodium metal foil under an inert
atmosphere. Specifically, 0.15 M SnF, was dissolved in DMSO solvent at
room temperature and stirred for 4 hours to ensure uniform dispersion.
The resulting solution was then evenly coated onto the sodium metal
surface using a soft brush. Then, the rapid chemical transformation is
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visually confirmed by the instantaneous color change of the sodium
surface, from silvery-white to black, indicating a highly exergonic re-
action, further supported by its negative Gibbs free energy. For com-
parison, other tin halide precursors (SnCly and SnBrp) were prepared
using the same procedure, and corresponding photographic images are
provided in (Fig. S1). Upon contact with the sodium surface, SnFy un-
dergoes a spontaneous reduction, forming a composite of sodium-rich,
sodio-philic, ionically conducting (Na-Sn) alloy, along with NaF insu-
lating phase. The composite uniformly adheres to the sodium surface,
establishing a robust interphase with high sodium wettability and
excellent structural /thermodynamic stability. The Na—Sn alloy not only
promotes rapid sodium-ion transport, but also enables uniform and
dendrite-free sodium ion deposition beneath the engineered interphase.
Meanwhile, the NaF phase, being an excellent electronic insulator,
suppresses undesirable electron leakage into the electrolyte and their
low Na™ diffusion barrier [36] contributes significantly to interfacial
passivation. Compared to pristine sodium, this configuration markedly
improves interfacial stability. The resulting artificial solid electrolyte
interphase (SEI) is predominantly inorganic and tightly bound to the
metallic sodium, resembling native SEIs formed in situ but with
enhanced durability [37]. The exact crystal structure of the artificial SEI
layer (NS-a/NaF) on sodium metal was analyzed using XRD, as shown in
(Fig. 1b). The artificial SEI layer primarily comprises the sodium rich
Naj5Sny alloy, crystalline phases on the sodium metal surface, matching
with (PDF:031-1327 for Na;5Sng) & (PDF: 022-0948 for Na). From the
XRD results, it can be clear that the SnFy powder completely trans-
formed into Naj;sSny4 alloy, with NaF phase. Additionally, the XRD
pattern exhibits a small hump at 19° (260), which is attributed to the
Kapton film used to cover the sodium surface to prevent atmospheric
contamination. Then, scanning electron microscopy study was taken to
see their morphology (Fig. 1c). presents SEM images of pristine Na,
showing a relatively smooth surface, without a protective interphase
layer. The pristine Na electrode benefits significantly from the newly
formed homogeneous Na;sSns/NaF interphase layer, which provides
effective surface protection and helps suppress dendrite formation
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Fig. 1. a) Schematic representation of artificial interlayer fabrication on sodium metal. b) XRD pattern of new interlayer of NS-a/NaF modified anode. c¢) Surface SEM
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(Fig. 1d) The cross-sectional SEM images of NS-a/NaF electrodes,
revealing sheet-like structures uniformly covering the metal surface and
thickness of the artificial SEI interphase was approximately 10 pm
(Fig. le). Additionally, (Fig. 1f) shows a uniform surface coating of
SnFy-derived particles on the sodium metal. Energy-dispersive X-ray
spectroscopy (EDX) mapping further confirms the even distribution of
Na, Sn, and F elements across the SEI layer. The homogeneous elemental
dispersion across the surface provides strong evidence for the successful
and uniform formation of the NS-a/NaF interphase. Furthermore,
similar alloy interphases formed using SnCl, and SnBr, precursors are
shown in (Fig. S2). In these cases, the sodium metal surfaces are fully
covered by the respective interphase compositions.

The formation of new NS-a/NaF interphases chemical composition,
oxidation states were further confirmed by high-vacuum X-ray photo-
electron spectroscopy (XPS). These NS-a/NaF SEI on the sodium metal
surface promote faster Na* ion transport and uniform sodium ion
deposition beneath it. When sodium ions encounter the pre-formed
artificial interphase, a minimal amount of organic SEI, typically
formed from electrolyte decomposition, remains unreactive and does
not obstruct access to sodium metal. In contrast, the ionically conductive
NajsSny alloy and insulating NaF phase form directly adjacent to the
sodium metal anode, creating a functional and stable interphase. The Na
1 s spectra exhibits a peak at 1073.3, 1071.5 eV, corresponding to the
formation of NajsSng & NaF and the peak at 1072.1 eV is attributed to
the oxidation reaction (NayO) during the sample transfer as shown in
(Fig. 1g). The peak at 500.9 eV corresponds to a satellite feature, while
the Na KLL peak overlaps with the Sn 3d spectrum [38,39]. The Sn 3d
spectrum were fitted into two positions at 493.9 eV and 485.3 eV, cor-
responding to Sn 3ds3/; and Sn 3ds,, respectively. In addition, the peak
observed at 493.02 eV,483.1 eV is attributed to Na-Sn alloy phases, [40]
as shown in (Fig. 1h). Additionally, the F 1 s spectrum at 685.45 eV,
confirming the presence of NaF phases (Fig. 1i). Together, Na 1 s, Sn 3d,

(a)
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and F 1 s spectra confirm the existence of the Na;sSng alloy and NaF
phases on the sodium metal surface. These interphases are responsible
for reducing the ion migration barrier near the metal anode, thereby
lowering both the nucleation and growth overpotentials during the
plating/stripping process.

Fig. 2a schematically compares the plating/stripping behavior of
pristine sodium metal and artificial SEI layer (NS-a/NaF)-protected so-
dium metal. In the absence of a protective interphase (top row),
repeated cycling leads to non-uniform Na* deposition, causing dendritic
growth and ultimately provides the unstable cell performance. In
contrast, when a uniform NS-a/NaF layer is applied onto the sodium
surface via a simple coating method (bottom row), it forms a robust and
stable interfaces. Thus enables homogeneous sodium-ion flux, thereby
facilitating uniform plating/stripping and effectively suppressing
dendrite formation. Further, to evaluate the superiority of the prepared
NS-a/NaF interphase electrodes in enhancing Na' storage and
improving electrochemical performance, a series of symmetric cells, and
full cells were assembled using 1 M NaPFg in diglyme electrolyte. As
shown in (Fig. 2b). In a representative test, 1 mAh cm~2 of Na© was
galvanostatically plated at a current density of 1 mA cm™2. The pristine
sodium electrode displayed a pronounced nucleation overpotential of 20
mV and growth overpotential of 25 mV, indicative of sluggish Na™
diffusion and poor interfacial wettability. In contrast, the NS-a/NaF-
modified electrode exhibited markedly reduced nucleation (11 mV)
and growth (15 mV) overpotentials, this indicates that the ionically
conductive NajsSns/NaF interphase not only facilitates rapid Na®t
diffusion into the SEI, but also exhibits strong sodium affinity, resulting
in more efficient and uniform sodium deposition as shown in (Fig. 2¢).
Furthermore, to validate the underlying mechanism and effectiveness of
the NS-a/NaF artificial interphase, symmetric cells were galvanostati-
cally cycled at 2 mA cm™2, with an areal capacity of 2 mAh cm™2, as
shown in (Fig. 2d). The as-prepared NS-a/NaF-modified sodium anode
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exhibited exceptionally low overpotential and smooth, stable plating/
stripping behavior from the initial cycles, attributable to the high-
quality artificial SEI layer formed via a controlled ex situ reaction on
the sodium surface. The NS-a/NaF anode achieved remarkable stability,
maintaining consistent plating/stripping for up to 2000 h with a flat and
uniform voltage profile.. This indicates that the rate of reaction could be
enhanced in NS-a/NaF interphase, as well as new organic SEI from the
electrolyte formed during the cycling, which also contributes extra
protection to the sodium metal. It is worth noting that the enhanced
chemical and electrochemical properties of the artificial NS-a/NaF only
enable more uniform sodium plating and stripping.

In addition, to support the superiority of the NS-a/NaF interlayer, its
ionic transport behavior was evaluated using electrochemical imped-
ance spectroscopy (EIS) with a separate cell setup, as shown in (Fig. S3).
Based on the equation, the calculated ionic conductivity of the NS-a/NaF
interlayer was 5.86 mS cm !, confirming efficient Na* transport through
the interphase [29]. Additionally, the exceptional cycling stability
observed with the NS-a/NaF electrode is primarily attributed to the
excellent mechanical robustness of the interphase, which plays a crucial
role in sustaining long-term cycling performance. In contrast, pristine
Na metal electrode with naturally derived SEI without the proper pro-
tection, exhibited severe voltage fluctuations, non-uniform sodium ion
deposition and dissolution during the plating/stripping process.
Although the pristine Na anode remained relatively stable during the
initial cycles due to the naturally formed SEI layer, a sudden voltage
drop was observed after 55 h of plating/stripping. Because interphase
side reactions increased as time progressed, loose SEI layers became
permeable to electrolyte ions. These type of reactions facilitate the
dendrite formation, easy to conductus the dendrite again, resulting in
high overpotential, high impedance, and eventual cell failure [41-43].
Further analysis of the voltage vs time profile as shown in (Fig. 2e-g) the
pristine Na anode exhibited an initial overpotential of 17 mV. However,
due to dendrite proliferation, the voltage dropped and fluctuated
continuously. Later, the overpotential sharply jumped to 70 mV, after
289 hours and again dropped, later the cell dead, no more active. In
contrast, the NS-a/NaF anode demonstrated a much lower initial growth
potential of 16 mV with voltage spikes, which increased to 20 mV after
100 hours and maintained until the cell dead. In the early cycles, the
NS-a/NaF interface shows slight voltage spikes due to an immature
artificial SEI and uneven sodium nucleation. Over time, the interface
self-reconstructs, improving contact, ion transport, and promoting uni-
form Na™ deposition.

Furthermore, the thickness of the newly formed artificial NS-a/NaF
layer on sodium metal is another crucial factor, that significantly in-
fluences the long-term cycling stability. To quantify this effect, the SEI
thickness was analyzed for samples prepared using different solution
concentrations. Specifically, 0.1 M, 0.15 M, and 0.25 M concentrations
were prepared, representing low, medium, and high concentration
levels, respectively. The corresponding alloy solutions were coated onto
sodium metal anodes and dried for 5 hours. Subsequently, the symmetric
cell performance of all concentration-based electrodes was evaluated.
Among them, the 0.1 M sodium symmetric cell exhibited uneven
plating/stripping behavior up to 200 hours, accompanied by a high
overpotential. This instability arises from an un-stable artificial SEI
layer, which fails to effectively protect the sodium metal from direct
electron transfer reactions. In comparison, the 0.25 M electrode showed
stable cycling for only about 50 hours, primarily due to its high charge-
transfer resistance. The use of highly concentrated solutions results in
the formation of thick interlayers that hinder long-term cycling stability.
Between these two combinations, 0.15 M concentration was found to be
optimal, facilitating uniform plating/stripping with a low overpotential
[44]. The optimized interlayer likely possesses a uniform and compact
interphase compared to the other concentrations. In addition,
post-cycling EIS analysis further confirmed that the charge-transfer
resistance of the different variations. Both 0.1 M and 0.25 M samples
are higher than that of the optimized 0.15 M sample (Fig.S4).As shown
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in (Fig.S5 a), our rationally designed NS-a/NaF electrodes, featuring
robust interphases, successfully suppress dead Na* accumulation and
dendrite growth, ultimately delivering superior rate performance
compared to previously reported results (Table- [29,45-54]). Further-
more, electrochemical impedance spectroscopy (EIS) was employed to
evaluate the interfacial stability and reaction kinetics of both the
NS-a/NaF and pristine Na electrodes using symmetric cells. The inter-
phase resistance of pristine Na and NS-a/NaF anodes, before and after
extended cycling (post-mortem analysis-50,100,200 cycles), is pre-
sented in (Fig. S5 b&c), In the case of pristine sodium, the
charge-transfer resistance is initially low before cycling, which can be
attributed to the presence of a naturally formed solid electrolyte inter-
phase [55] layer. However, as cycling progresses, this unstable SEI layer
fails to maintain uniform nucleation due to its heterogeneous nature.
Consequently, pristine Na experiences several issues such as mechanical
stress and dendrite growth. These dendrites eventually puncture the SEI
layer, making ion transport across the interface highly inefficient, which
leads to a continuous increase in resistance with further cycling of 50,
100,200. In contrast, the NS-a/NaF interphase exhibits a much lower
charge-transfer resistance. Even after prolonged cycling, it retains its
structural integrity of artificial interlayer, resulting in only a slight un-
avoidable increase in resistance, less than that observed in pristine so-
dium [56]. Then, for the comparison purposes, the rest of the other Sn
halogenated interphases on sodium metal, their plating/stripping is
validated using the symmetric cell performance. Unfortunately, even
though they are electrochemically stable interphases, due to their low
mechanical strength, they failed to achieve the long-term cycling per-
formance as shown in (Fig. S6). After 100 cycles of plating and stripping,
both symmetric cells were disassembled to visually examine the elec-
trodes. On the pristine Na electrode, obvious side reactions were visible
to the naked eye on both the plated and stripped sides, indicating surface
degradation (Fig. S7a). In contrast, the NS-a/NaF electrode appeared
much cleaner, suggesting better surface stability. These observations
were further supported by cross-sectional SEM images (Fig. S7b), where
the pristine Na showed a rough and uneven surface, while the NS-a/NaF
electrode maintained a smoother and more compact morphology, in
which clear evidence of the protective effect offered by the artificial SEI
layer.

To further evaluate the interfacial behavior and morphological
evolution of the pristine Na metal anode and NS-a/NaF artificial SEI-
coated anode, ex situ SEM analysis was performed. The uniform struc-
ture of the interphase layer plays a critical role in guiding even sodium-
ion deposition, which helps suppress dendrite formation and signifi-
cantly enhances the overall cycling performance. To examine this, a
controlled amount of Na* ions was galvanostatically deposited and
stripped on the electrode surfaces for 25 cycles, with the process halted
at the final plating step. The cells were then immediately dismantled,
rinsed with electrolyte, and dried to observe the resulting surface
morphology. At a low areal capacity of 5 mAh cm ™2, low current density
of 2 mA cm ™2, sodium ion deposition is minimal, resulting in a NS-a/NaF
protective layer is covered uniformly. As the areal capacity increases to
10 mAh cm ™2, more amount of sodium ions get deposited beneath the
SEI layers. The newly formed NS-a/NaF artificial SEI layer, character-
ized by high ionic conductivity, effectively regulates uniform sodium ion
deposition and maintains structural integrity despite the volume
changes associated with high deposition [57,58]. While some surface
changes are less noticeable at this higher capacity, but the deposition
surface looks smooth, thus NS-a/NaF layer effectively protects them
from unwanted parasite reactions. At an even higher areal capacity
increased to 30 mAh cm ™2 increased sodium ion deposition leads to the,
formation of thickened Na'deposition layers at localized regions.
However, the SEI layers continue to promote homogeneous deposition
and delay dendrite formation without cracks over Na metal anode [59].
The newly formed NS-a/NaF anode demonstrates enhanced uniformity,
which is the most important criteria for the interphase type anodes as
shown in (Fig. 3) In contrast, the morphology of pristine Na under
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underwent Na* deposition for 25 cycles prior to SEM analysis.

identical conditions reveals significant roughness and irregularities. At a
lower areal capacity of 5 mAh cm ™2, the sodium metal surface begins to
exhibit small grooves, indicating early signs of surface instability in
deposition/stripping during continuous cycling. This behavior is
attributed to the presence of a thin, predominantly organic SEI layer,
which provides limited regulation of Na* flux and fails to maintain
long-term interfacial stability. As the areal capacity increases to 10 mAh
cm ™2, localized dendritic features such as tiny dendrites and ridge-like
structures become more evident, resulting again inhomogeneous Na™
deposition. These issue becomes more pronounced at higher capacities,
especially 10 and 30 mAh cm ™2, where agglomerated, needle-like den-
drites dominate the surface morphology (Fig. S8), This highlights the
critical need for a robust interfacial design, because under prolonged
cycling, the native SEI layer becomes unstable and eventually breaks
down due to continuous mechanical stress and volume fluctuations. At
worse, aggressive and sharp dendrite growth re-emerges, which poses
the risk of piercing the separator, potentially leading to short circuits
[60,61]. To visually capture the effectiveness of the NS-a/NaF artificial
interphase in suppressing dendrite formation and pristine Na with
dendrites, in situ optical microscopy was employed. For this analysis,
transparent cuvette cells were fabricated, by filling them with electro-
lyte and placed pristine sodium electrodes on both sides, including the
modified sodium anodes (NS-a/NaF). In these symmetric cells, galva-
nostatic Na* deposition was performed at a current density of 1 mA cm ™2
for 0 min to 1 hour to observe the sodium dendrite evolution. (Fig. S9).
At the initial stage, both the pristine Na and the NS-a/NaF electrodes
exhibited smooth and clean surfaces without any observable disruption.
However, after 30 min of deposition, the pristine Na electrode began to
show inhomogeneous Na® deposition on the surface (Fig. 4a). With
continued deposition, mossy-type sodium deposits and small dendritic
structures started to emerge. Eventually, some regions were covered
with dead sodium, while in other areas, dominated by sharp needle-like
dendrites as highlighted. These dendrites promote a tip effect, where
incoming Na* ions tend to deposit at the tips of existing structures due to

localized high ion concentrations. This kind of behavior reduces
Coulombic efficiency and, in worst cases, can lead to short circuits or
trigger cell failure. In contrast, NS-a/NaF-modified electrodes displayed
a markedly different behavior. Na* ions deposited uniformly across the
surface, maintaining a smooth, flat, and compact texture even after
extended deposition times. This improved morphology is attributed to
the high ionic conductivity and partial insulating nature of the NS-a/NaF
interphase, which facilitates Na* diffusion beneath the surface and
promotes homogeneous deposition. Throughout the entire deposition
process, the NS-a/NaF electrode remained stable and free of visible
disruptions. These results clearly highlight the stark contrast between
pristine Na, NS-a/NaF interphases and also strongly indicate that the
NS-a/NaF interphase effectively suppresses dendritic sodium.

Then, XPS analysis was conducted on cycled NS-a/NaF electrodes to
assess the chemical/electrochemical stability of the artificial interphase
after repeated cycling. After 10 and 50 plating/stripping cycles, the
symmetric cells were disassembled in an argon-filled glove box, and the
electrodes were gently rinsed to remove residual electrolyte (Fig. 4b).
The Na 1 s peak at 1071.1 eV corresponds to the NajsSn4 phase, con-
firming the formation of a sodio-philic conducting alloy within the
interfacial layer. Similarly, metallic Sn peaks observed at 486.3 eV and
Na-Sn alloy phases observed at 485.8 eV, while the F 1 s peak at 684.3
eV verifies the retention of NaF. Notably, these spectra exhibit no sig-
nificant deviation from the initially formed interphase layer, indicating
excellent chemical stability of the Naj;sSnsNaF interphase [62,63].
However, after 50 cycles, a slight shift in the Na 1 s binding energy is
observed(1076.2 eV), which can be attributed to partial oxidation of the
sodium surface during sample transfer. In the case of the Sn 3dand F 1 s
spectra, the peaks shift slightly toward lower and higher binding en-
ergies, because of electrochemical cycling (Fig. 4¢).

Additionally, to validate the enhanced electrochemical performance
of the NS-a/NaF SEI interphase over pristine Na metal, symmetric cell
tests were performed under varying current densities and areal capac-
ities. As predicted by Sand’s classical theory (1901), increasing the
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Fig. 4. a) Optical microscopy images showing dendrite formation on pristine Na and smooth interphase on NS-a/NaF electrodes. b) XPS peak fitting of the NS-a/NaF

electrodes after 10 cycles c) after 50 cycles, respectively.

current density and areal capacity can lead to pronounced dendrite
formation. Therefore, both current density and deposition time were
systematically optimized and investigated [64]. As shown in (Fig. 5a),
when the current density kept 2 mA cm ™2, areal capacity is 5 mAh cm ™2
the NS-a/NaF anode maintained uniform plating/stripping behavior for
up to 748 h with an overpotential of 17 mV, while the pristine Na metal
exhibited a lifespan of only 105 h with a slightly higher overpotential of
22 mV, but the cell is dead. In the pristine Na anode, the naturally
formed SEI layers lack the mechanical robustness, which are necessary
to sustain large volumes, resulting in non-uniform sodium deposition
[50]. As the areal capacity increased to 10 mAh cm’z, the elevated so-
dium ion flux intensified the risk of dendrite formation caused by
non-uniform deposition. This non-uniform sodium flux, combined with
dendrite growth gives the lifespan about 129 h, critically affects the
longevity, and safety of SMBs [65]. Conversely, the NS-a/NaF anode
demonstrated stable performance, achieving a lifespan of up to 719 h of
plating/stripping, more than twice that of pristine Na metal, with a
consistent overpotential of 18 mV (Fig. 5b). Even when the areal ca-
pacity was increased to 30 mAh cm 2, the NS-a/NaF anode maintained
stable plating/stripping performance for up to 500 h with an over-
potential of 21 mV, whereas the pristine Na metal remained stable only
up to 250 h, with an overpotential of 30 mV and showing abrupt voltage
fluctuations (Fig. 5¢). After several cycles, the pristine Na metal anode
failed, characterized by uneven plating/stripping. The non-uniform so-
dium deposition into the SEI interphase resulted in fragile,

nucleus-shaped structures that lacked the mechanical strength to endure
stress, particularly under either high current or capacity conditions [66,
671]. At a moderate areal capacity of 5 mAh cm~2 and current density of
5mA cm 2, the NS-a/NaF symmetric cell exhibited stable cycling for up
to 300 hours with smooth plating/stripping behavior as shown in
(Fig. 5d). In contrast, the pristine Na electrode displayed an initial
overpotential of ~30 mV, which progressively increased during cycling
and led to cell failure within a few hours. When subjected to even more
extreme conditions 10 mAh cm™2 at 10 mA cm ™2, the pristine Na elec-
trode maintained stable operation only before experiencing abrupt
voltage drops, indicative of rapid dendrite formation and internal
shorting. Once dendrites are formed, they critically undermine the
battery’s lifespan. In comparison, the NS-a/NaF electrode demonstrated
superior stability, sustaining continuous cycling for over 281 hours with
a moderate overpotential as shown in (Fig. 5e).

For the comparison purposes, other halogenated interface-based
electrodes were tested at different areal capacity and same current
density as shown in (Fig. S10). While these halogenated interphases
offered improved stability relative to pristine Na, but their inferior
mechanical strength limited their performance, falling short of dura-
bility than the NS-a/NaF-modified electrode. The superior electro-
chemical performance of the NS-a/NaF anode is further substantiated by
rate performance studies using symmetric cells with both pristine Na
and NS-a/NaF anodes. At varying current densities the NS-a/NaF anode
maintains a stable voltage profile without any voltage spikes, whereas
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the pristine Na metal experiences multiple voltage spikes under high
reaction kinetics due to its inability to withstand sudden variations and
stress as shown in (Fig. 5f) [68]. LSV curves reveal a higher exchange
current density for the NS-a/NaF electrode (~0.35 mA cm_z) compared
to pristine Na (~ 0.20 mA cm’z), indicating faster interfacial
charge-transfer kinetics. This enhancement is attributed to the conduc-
tive Naj;sSng alloy and stable NaF-based SEI layer (Fig. 5g). The
temperature-dependent EIS spectra shows that the NS-a/NaF anode
exhibits significantly lower interfacial resistance compared to pristine
Na at all temperatures. With increasing temperature, the impedance of
NS-a/NaF drops more rapidly, indicating enhanced Na' ion transport
even during the temperature variations as shown in (Fig. S11). This
behavior highlights the superior ionic conductivity and thermal stability
of the engineered interphase. Overall, the NS-a/NaF layer ensures effi-
cient charge transfer and stable performance even under elevated
temperatures.

To further validate the electrochemical performance of the NS-a/NaF
modified anode for sodium metal batteries, a full cell was assembled
using a NS-a/NaF anode and Na3Vy(PO4)3 (NVP) cathode, as schemat-
ically illustrated in (Fig. 6a). In the cyclic voltammetry (CV) of full cells,
(Fig. S12), the peak current is higher for the NS-a/NaF || NVP cells
compared to the pristine Na || NVP cells. The larger peak current in-
dicates that the Na* diffusion kinetics are enhanced and better optimized
in the modified system. Moreover, the oxidation and reduction peak
potentials are closer in the NS-a/NaF anodes, suggesting a lower po-
larization voltage and improved electrochemical reversibility. The
charge-discharge profiles at 1C rate (Fig. 6b &c) demonstrate that the
NS-a/NaF/NVP full cell delivers a higher reversible discharge capacity
(107 mAh g’l) compared to the pristine Na/NVP (100 mAh g’l). The
polarization voltage of NS-a/NaF artificial interface/pristine Na is
analyzed using GCD performance of both cells at 1 C rate, after 50th
cycles. Pristine Na/NVP cells polarization voltage is 0.074 V higher than
NS-a/NaF anode of 0.067 V(Fig. S13). This clearly indicates that the

new interfaces have the improved diffusion kinetics, so that ions can
easily diffuse and deposit beneath the SEI. Over extended cycling, the
NS-a/NaF cell maintains superior capacity retention for over 200 cycles,
while the pristine Na-based full cell exhibits a noticeable decline in
Coulombic efficiency after 150 cycles (Fig. 6d). This degradation is
attributed to the unstable and non-uniform native SEI, which fails to
regulate homogeneous sodium deposition and promotes dendrite for-
mation. Rate capability was further evaluated at various current den-
sities ranging from 1C to 5C. The pristine Na/NVP full cell showed
discharge capacities of 106, 102.2, 91, 77, 68, and 102.5 mAh g’l at1C,
2G, 3G, 4C, 5C, and back to 1C, respectively. In contrast, the NS-a/NaF/
NVP full cell exhibited improved rate performance with capacities of
110.5,109.2, 98.3, 89.4, 81.0, and 110.2 mAh g’1 at the corresponding
rates (Fig. 6e). After 50 cycles, interfacial charge transfer resistance
measurements were conducted to substantiate these findings. The pris-
tine Na vs NVP full cell exhibited a high interphase resistance of 86.42 Q,
more than twice that of the NS-a/NaF anode, which showed a lower
resistance of 33.10 Q (Fig. 6f). This reduction is attributed to the engi-
neered artificial SEI, which facilitates faster Na* diffusion and favorable
electron modulation at the interface. The enhanced electrochemical
performance of the NS-a/NaF interphase stems from its rationally
engineered dual-phase structure, as schematically shown in (Fig. 6g).
The Na;sSny alloy provides excellent sodio-philicity and high ionic
conductivity, enabling uniform Na* nucleation and fast ion transport,
while the NaF phase, an electronic insulator with high mechanical
strength, prevents electron leakage and inhibits dendrite penetration.
Together, they form a homogeneous, robust SEI that ensures smooth Na
plating/stripping, suppresses dendrite formation, and extends cycling
life under high-rate conditions. In contrast, the pristine Na anode relying
on a fragile, naturally formed SEI struggles to sustain high current
densities and capacities, leading to instability and poor long-term
performance.
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4. Conclusion

We have successfully designed a NajsSns-alloy/NaF interphase, that
is both ionically conductive and mechanically robust, enabling excep-
tional cycling stability even at high current densities. The Na;5Sny alloy
serves as a sodio-philic conducting scaffold, promoting uniform Na™*
nucleation and facilitating smooth plating/stripping behavior. Simul-
taneously, the NaF component offers mechanical reinforcement and
electronic insulation, effectively suppressing dendrite formation and
parasitic side reactions. The (NS-a/NaF) interphase significantly reduces
interfacial resistance and enhances Na* ion transport, as demonstrated
by symmetric cell operation exceeding 2000 hours and full-cell perfor-
mance retaining 110.15 mAh g~ at 1C over 200 cycles. These im-
provements were further corroborated by in situ optical microscopy and
XPS analysis, confirming the structural and chemical stability of the
interphase. This study presents a scalable and practical strategy for en-
gineering multifunctional interphases, providing a promising pathway
toward safe, high-rate, and long-life sodium metal batteries.
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