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ABSTRACT: The solid electrolyte interphase (SEI) critically governs the
reversibility of sodium metal batteries, through dynamically mediating ion
transport and interfacial reactions. However, its kinetic evolution under operating
conditions, and how it influences interfacial stability, remains poorly understood.
Here, we reveal that the SEI undergoes coupled chemical and mechanical changes
during sodium plating and stripping, leading to spatial and temporal heterogeneity
that drives interfacial degradation. Synchrotron operando grazing-incidence wide-
angle X-ray scattering and soft X-ray absorption spectroscopy capture the
sequential formation and dissolution of inorganic SEI phases (NaF, NaH,
NaOH, Na2PO3F), accompanied by depth-dependent alterations in organic SEI
components. Mesoscale modeling connects this evolving SEI heterogeneity to
localized current density fluctuations and stress accumulation at the Na interface,
identifying pathways to electrically isolated sodium formation. These findings show that SEI instability fundamentally limits
reversibility in sodium metal batteries, and that controlling SEI chemistry−mechanics coupling is essential to achieving its durability.

Lithium-ion batteries (LIBs) have transformed the land-
scape of modern energy storage, powering applications

ranging from portable electronics to electric vehicles and
renewable energy systems.1 However, the rapid increase in
global demand has heightened concerns about the sustain-
ability of lithium resources, which are both limited and
geographically concentrated.2 To address it, sodium-based
battery technologies�particularly sodium-ion batteries (SIBs)
and sodium metal batteries (SMBs)�have emerged as
promising alternatives.3 Among them, SMBs offer significant
theoretical and practical advantages, such as the high specific
capacity (1165 mAh g−1) and low redox potential (330 mV vs.
Li/Li+) of sodium metal.4 These properties position SMBs as
promising candidates for large-scale, cost-effective, and energy-
dense storage. However, the commercialization of SMBs is
challenged by existing issues at the electrode−electrolyte
interface: the formation of unstable solid-electrolyte interphase
(SEI) layers and the growth of Na dendrites.5 These interfacial
instabilities are mutually reinforcing: an inhomogeneous or
fragile SEI promotes uneven Na+ flux and dendritic growth,
which in turn damages the SEI and initiates additional parasitic
reactions.5,6

SEI, a passivation layer formed via the reductive
decomposition of electrolyte components at the metal surface,
is essential for regulating ion transport and suppressing
continuous side reactions. Tremendous research has been
focused on improving SEI stability through electrolyte
engineering,7−9 such as employing ether-based solvents,10

fluorinated additives,11,12 or sodiophilic artificial inter-

phases,13,14 to encourage uniform Na deposition and mitigate
dendrite formation.

Despite its importance, characterizing the SEI remains
highly challenging. The layer is chemically complex, nanoscale
thin, and buried beneath the electrolyte, making it difficult to
observe directly, especially in operando conditions.15,16 While
techniques such as X-ray photoelectron spectroscopy (XPS),10

nuclear magnetic resonance (NMR),17,18 cryo-electron mi-
croscopy, and electrochemical quartz crystal microbalance
(EQCM) have provided insights into SEI chemistry in lithium
systems, their application to Na metal interfaces has been
scarce.19,20 Meanwhile, although significant research effort has
been made in understanding Na plating behavior, the stripping
process remains less studied. One particularly detrimental
failure mode that arises during stripping is the formation of
“dead Na”�electrically disconnected sodium deposits that no
longer participate in cycling, leading to capacity loss and lower
Coulombic efficiency.21 Fully understanding the coupled
evolution of SEI and Na metal morphology during both
plating and stripping is therefore critical for achieving durable
and reversible SMB operation.
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Our recent work demonstrates that grazing-incidence wide-
angle X-ray scattering (GIWAXS) can be used to study SEI of
Na metal anode.22 However, the SEI is not a static structure
but continuously evolves during electrochemical cycling. While
ex-situ techniques have provided valuable insights in resolving
SEI species as a function of electrochemical conditions and
substrate interfaces, they are inherently limited in capturing the
real-time evolution of SEI under operating conditions. To
overcome these barriers, operando characterization approaches
are essential. In this work, operando GIWAXS and soft X-ray
absorption spectroscopy (sXAS) were performed to gain
complementary structural and chemical insights into the

evolution of SEI for Na electrodeposition/stripping. Operando
GIWAXS enables real-time studies of the nucleation, growth,
and transformation of crystalline SEI species under electro-
chemical cycling for Na metal anode for the first time. This
reveals time-resolved changes in crystallographic texture and
preferred orientation, highlighting different-staged growth
behavior in various SEI species such as NaH and NaF. To
complement the GIWAXS technique that focuses on
crystalline inorganic phases, in parallel, sXAS in total and
partial electron yield modes captures the depth-dependent
chemical composition of the SEI, including both crystalline
and amorphous species, as well as distinguishing inorganic

Figure 1. (A) Operando 2D GIWAXS setup at the SMI beamline of NSLS-II at BNL and (B) the representative indexed GIWAXS patterns for
open-circuit potential (OCP), after deposition and stripping within selected q-ranges. Indexed GIWXAS patterns with entire a wider q-range are
shown in the Supporting Information. (C) Time-dependent GIWAXS heatmaps in logarithm scale along with corresponding voltage profiles. The
data reveal the sequential formation and dissolution of SEI phases such as NaF, NaH, NaOH, and Na2PO3F during cycling.
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species in the outer layers from evolving organic components
deeper within. Together, these techniques uncover a
progressive enrichment of carbonate/hydroxide in outer SEI
layer during cycling. The multimodal synchrotron X-ray
characterization approach offers a mechanistic understanding
of SEI formation, passivation, and degradation. More
importantly, we augment these experimental observations
with mesoscale modeling that simulates the dynamic interplay
between electrochemical reactions, interfacial mechanics, and
SEI morphology. The model captures spatial−temporal
evolution, heterogeneity, and instability that lead to isolated
sodium and incomplete passivation, connecting to the
degradation in performance. Together, the operando, multi-
modal analysis and mesoscale modeling approach advances the
fundamental understanding of SEI evolution in Na metal
batteries and informs strategies to enhance anode durability.
To track the evolution of the SEI during Na electro-

deposition/stripping, operando GIWAXS measurements were
performed on a Na−Cu half-cell using a customized electro-
chemical cell, as shown in Figure 1(A). Figure S1 provides
details of the probing-depth analysis as a function of the
incident X-ray angles, along with the associated discussion.
Figure 1(B) presents representative indexed GIWAXS patterns
with selected q-range and various SEI species, including NaH,
Na2PO3F, NaOH, and NaF are identified. These SEI species
are consistent with previous studies12,23

The inorganic SEI layer plays a critical role in determining
the cyclability of sodium metal anodes. Studies have shown
that an SEI with a Young’s modulus around 5.2 GPa
(approximately 1.8 times that of sodium metal) can effectively
suppress sodium dendrite growth.18,24 Notably, NaH has been
reported to possess a higher Young’s modulus (approximately
45 GPa), far exceeding this threshold, which may contribute to
improved cycling stability.24 In addition, the electronically
insulating nature of NaH helps to minimize further electrolyte

decomposition, further enhancing the durability of the SEI.18,25

Figure 1(C) highlights the time-dependent GIWAXS heatmaps
along with corresponding voltage profiles across different q-
ranges, revealing sequential formation and dissolution of SEI
phases as a function of electrochemical cycling. Figure S2
shows the GIWAXS heatmap for the entire q-range as collected
during the experiment. These operando observations demon-
strate that the SEI is not static but dynamically evolves under
electrochemical cycling, with multiple species contributing to
its transient nature.

To better visualize peaks evolution of various SEI species,
Figure 2(A) and Figure S3 present the evolution of the area
under the curves for NaF, NaH, NaOH and Na2PO3F during
Na electrodeposition and stripping. In electrodeposition,
Figure 2(A) shows NaF (200) and (220) appear early and
consistently, suggesting NaF is a primary, rapidly forming, and
relatively stable SEI component.10 In contrast, NaH (111) and
(200) emerge later, predominantly during the latter part of
deposition. NaOH (111) and (061) increase gradually during
plating and persist during stripping, consistent with its
continued accumulation. Na2PO3F (203) and (211) crystallize
during late stages of plating, implying they are products likely
formed from salt decomposition.26 The distinct onset times
and growth rates across SEI phases suggest differing kinetic
pathways.

In stripping, Figure 2(A) shows different SEI species exhibit
distinct behaviors. For fluorine-derived SEI species, the
significant change of NaF indicates its transient nature,
suggesting that NaF is not a static component in SEI, but
rather a dynamic and evolving compound that undergoes
intermittent formation, cracking or dissolving.27,28 Fluorine-
containing SEI components, such as NaF and Na2PO3F, are
widely considered to enhance passivation due to their high
Young’s modulus, providing mechanical robustness to prevent
Na metal from contacting the electrolyte.29,30 Therefore, the

Figure 2. SEI characterization using operando GIWAXS. (A) Evolution of the integrated peak areas for various SEI species (NaF, NaH, NaOH, and
Na2PO3F) during Na electrodeposition (gray-shaded region) and stripping (yellow-shaded region). A zoom-in view of the NaF (220) and NaH
(220) peaks is provided in Figure S3. (B) Investigation of preferred orientation in NaH through scaled diffraction peak areas of NaH (111) and
(200) as a function of reaction time. The data are compared with the isotropic powder standard (PDF# 04-018-2335). (C) Heterogeneity of NaH
(200) evolution across three different sample positions with each position spaced 50 μm apart. The bar charts show scaled NaH diffraction peak
areas for NaH (111) and NaH (200) intensity vs. reaction time. The dashed line corresponds to the normalized peak area of the powder standard
listed above.
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decreasing intensity of Na2PO3F (203) and (211) during
stripping indicates partial dissolution of Na2PO3F within the
SEI, suggesting a disruption of the passivation layer. As the
passivation layer breaks down, fresh Na is exposed to the
electrolyte, triggering additional side reactions.31 This
phenomenon likely accounts for the continued increase in
NaH and NaOH intensity during Na stripping.
Notably, NaH also exhibits a distinct preferred orientation

behavior during cycling. Figure 2(B) shows orientation
intensity profiles � compared with the randomly orientated
X-ray diffraction standard (PDF# 04-018−2335) � reveal a
strong [111] texture throughout most of the plating period.
However, the [200] orientation becomes increasingly prom-
inent at the onset of stripping, with the strongest textural
anisotropy observed approximately 10 min into the stripping
process. After extended stripping time, the (200)/(111)
intensity ratio approaches that of the powder diffraction
standard, also shown in Figure 2(B), which indicates that the
preferred orientation was diminishing. This observed trend
indicates a change in the average orientation of NaH
crystallites during cycling. At the initial stage of deposition,
the NaH (111) diffraction peak is strongest, suggesting that
most newly formed NaH grains have their (111) planes
preferentially aligned parallel to the substrate. As deposition
continues and the crystals grow, the (200) peak becomes more
prominent, indicating that larger or newly formed grains
increasingly exhibit (200) orientation as well. This evolution in
the (111)/(200) intensity ratio shows the dynamic nature of
NaH growth, where the overall orientation distribution
becomes more diverse. The decrease in texture during
stripping likely results from partial dissolution or the formation
of new, less aligned NaH crystallites, leading to a more random
orientation distribution. Although the NaH orientation appears
to change during stripping, this does not imply reorientation of
existing crystallites. Instead, the data suggest that NaH (111)
plane formed during plating partially dissolves during stripping,
and newly formed NaH nucleates with a different preferred
orientation, predominantly (200). This orientation shift is
likely triggered and influenced by changes in local interfacial
conditions during stripping, including uneven SEI breakdown,
heterogeneous electrolyte access, and local variations in Na
surface morphology or stress fields. Such factors can modify
nucleation energetics and promote different crystallographic
orientations for newly formed NaH.
Not only does chemical species distribution affect Na

plating/stripping, but the spatial heterogeneity of SEI is also a
critical factor. To probe spatial heterogeneity, Figure S4
compares SEI formation across two different sample positions.
NaF consistently appears as the first SEI compound to form
and is also the first to disappear during stripping, suggesting
that it may not provide sustained protection for the Na metal
surface. Ideally, once the SEI is formed, it should act as a
stable, passivating film that prevents additional electrolyte from
reaching the underlying Na deposits, thus inhibiting further
side reactions and continuous SEI growth. The disappearance
of NaF during cycling implies that the SEI may not be fully
effective in blocking electrolyte access, allowing continued
contact and reaction between Na metal and the electrolyte.
This may explain the continued accumulation of NaOH during
the stripping.
The role of NaH in sodium electrodeposition/stripping

remains a subject of ongoing debate. Some studies suggest that
NaH is detrimental, arguing that its wide-bandgap insulating

nature can electrically isolate sodium metal, leading to the
formation of dead Na and reduced capacity.32 Conversely,
other researchers propose that NaH could serve as a beneficial
SEI component, as its insulating properties may protect the
sodium metal from direct contact with the electrolyte, thereby
suppressing side reactions.18,25 As a result, a comprehensive
understanding of NaH formation and evolution is essential for
advancing sodium metal battery technology.

NaH exhibits a more complex spatial-temporal distribution,
coupled with changes in its preferred crystallographic
orientation. Figure S5 shows the normalized intensities of
NaH (111) and (200) at two additional, different sample
positions. For reference, the intensity of NaH (200)
normalized to NaH (111), in the powder standard is 61.3 as
shown in Figure 2 (B). To directly compare the heterogeneity,
Figure 2(C) shows the NaH (200) scaled intensities extracted
from Figure 2(B) and Figure S5 as a function of reaction time.
The dashed line in the figure indicates the intensity level of the
powder standard. During electrodeposition, Figure S5 shows a
predominant signal from NaH (111) across the sample,
suggesting NaH shows similar texture. However, upon the
stripping, textural heterogeneity emerges with pronounced
variations in crystallographic orientation across different
sample positions. This indicates localized structural changes,
likely driven by uneven interfacial stresses, current density,
dissolution rates, or electrolyte access. Such spatial variability
suggests that the stripping process is not uniform across the
electrode, potentially governed by local differences in Na
morphology, SEI breakdown, or electric field distribution.
Furthermore, the local differences established during the first
cycle are expected to influence subsequent electrodeposition
and stripping behavior. Figure S6 presents the operando
GIWAXS results for the second cycle and further analysis
(Figure S7). Because the first cycle was performed in the
laboratory before the cell was transferred to the beamline,
some SEI phases�such as NaF and NaH�partially dissolved
or transformed, and therefore are not visible at the beginning
of the second-cycle GIWAXS measurement. During the second
plating/stripping sequence, NaF (200) and NaOH (111) again
display similar behavior: both reform during electrodeposition
and disappear during stripping. In contrast, Na2PO3F remains
relatively stable throughout the entire cycle, showing minimal
change in intensity. Importantly, the spatial variation becomes
more pronounced in the second cycle. Figure S8−9 show that
different sample positions exhibit noticeably different SEI
evolution pathways, indicating that the heterogeneity observed
in the first cycle becomes even more severe in the subsequent
cycle.

In addition to the operando measurements, Figure S10
presents ex-situ GIWAXS data for the second cycle as a
complementary measurement, revealing distinct evolution
pathways for NaH and NaF. NaH exhibits clear orientation
changes between deposition and stripping: during deposition,
NaH forms predominantly with a strong (111) texture, while
during stripping, the (111) reflection diminishes and newly
formed NaH displays a pronounced (200) orientation. This
behavior indicates that NaH is not simply retained throughout
cycling but is continuously dissolved and reformed with
different crystallographic preferences depending on the local
interfacial environment. In contrast, NaF behaves more
transiently�its (200) reflection is prominent during deposi-
tion but largely disappears after stripping, demonstrating that
NaF readily dissolves or reacts once Na is stripped. These ex-
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situ findings reinforce the operando observations, demonstrat-
ing that NaH reforms with cycle-dependent preferred
orientations, whereas NaF remains a highly reversible SEI
component that dissolves once sodium is removed.
To further elucidate the role of NaH, Figure S11 shows

incidence-angle-resolved GIWAXS patterns performed on
cycled Na anodes. By tuning the incidence angle, we access
different probing depths, allowing us to track how NaH evolves
both near the surface and deeper within the SEI. Figure S12
presents the normalized peak areas of the NaH (111) and
(200) reflections at different probing depths, revealing clear
depth-dependent variations in preferred orientation. During
the first deposition, NaH near the surface (low incidence
angle) predominantly exhibits the (111) orientation, whereas
deeper regions show an increasing contribution from the (200)
reflection, indicating that NaH nucleates and grows with
different crystallographic preferences as the deposition occurs.
During stripping, this trend reverses. The surface region
becomes enriched in newly formed NaH with stronger (200)
character, while residual NaH (111) remains detectable at
greater depths. These results demonstrate that NaH does not
form uniformly but instead develops distinct, depth-dependent
crystallographic orientations that evolve with the electro-
chemical stage, supporting the view that NaH undergoes
continuous dissolution and reformation with orientation
preferences governed by the local interfacial environment.
Our results provide insight into the two debated

interpretations of NaH in sodium metal anodes, as NaH can
act either as an insulating phase that isolates sodium or as a
protective component that enhances sodium passivation. The
strong and persistent crystallographic texture of NaH during
deposition suggests that it can form an ordered, mechanically
stiff interphase, consistent with the view that NaH contributes
to passivation and surface stabilization. However, the
dissolution and reformation of NaH during stripping indicate
that it does not uniformly cover the interface; such
heterogeneous domains may locally block Na transport and
effectively isolate metallic Na. Thus, NaH can simultaneously
exhibit protective behavior where it is continuous and
insulating behavior where it forms patchy domains. The
observed depth- and stage-dependent evolution supports a
dual role, with the net effect determined by how uniformly
NaH forms and whether its preferred orientation enables or
impedes Na+ flux. Overall, NaH is insulating in all directions
though, its impact on Na+ transport depends strongly on how
it forms. During deposition, NaH(111) grows as a thin,
surface-parallel layer, making it less impeded to interfacial Na
ion flux. In contrast, the NaH(200) formed during stripping
appears in more localized and nonuniform domains, which can
create ion-blocking regions and hinder uniform Na deposition
and stripping.
In terms of Na texture, both the deposited Na and the

residual dead Na exhibit a strong preferred orientation in the
(200) crystallographic plane, indicating that the overall texture
of Na metal does not change appreciably after stripping. This
stable (200) texture reflects the dominance of bulk Na
domains that persist through the cycle. In contrast, NaH shows
a markedly different evolution: it initially forms with a
preferred (111) orientation during deposition but shifts toward
a dominant (200) orientation after stripping. This difference
suggests that while the bulk Na framework remains texturally
stable, NaH forms and reforms primarily within the dynamic
interfacial regions where dissolution, renucleation, and local

chemical environments vary during cycling. Thus, NaH
orientation is more sensitive to interfacial processes, whereas
the Na metal texture reflects the more stable bulk Na that
remains throughout the cycle.

To better understand how the SEI forms and evolves in
sodium batteries, it is essential to characterize its chemical
composition in detail. In addition to the inorganic components
discussed above, it is important to recognize that the SEI on
sodium metal is composed of inorganic and organic
components.21 Inorganic species such as NaF and Na2O are
typically crystalline, whereas organic compounds (e.g.,
ROCO2Na) and Na2CO3 are generally amorphous.20,33

Understanding the distribution and chemical nature of these
species is essential for elucidating SEI formation and evolution.

While X-ray photoelectron spectroscopy (XPS) is a widely
used technique for analyzing SEI chemistry, obtaining depth
profiles typically requires ion sputtering.34 To complement
such approaches, we employed soft X-ray absorption spectros-
copy (sXAS), which enables nondestructive, depth-sensitive
analysis. By collecting signals in partial electron yield (PEY)
and total electron yield (TEY) modes, sXAS can probe the
outer (approximately 5 nm) and inner (approximately 10 nm)
SEI layers, respectively, providing detailed insight into the
spatial distribution of inorganic and organic species.

Figure 3(A) presents Na K-edge spectra collected in TEY
mode during the first cycle, representing typical inorganic SEI
components. Figures S13 and S14 show complementary Na K-
edge spectra acquired in both TEY and PEY modes under
various cycling conditions, including the first and 30th cycles.
To determine the relative proportions of possible compounds
in SEI, linear combination fitting of the Na K-edge spectra was
performed in both modes (Figures S15 and S16). Figure 3(B)
presents the depth-resolved composition of SEI components
under various cycling conditions, including both deposition
and stripping during the first and 30th cycles. The electro-
chemical performance data voltage profile and its Coulombic
efficiency corresponding to these cycling protocols are shown
in Figure S17.

Na2O is consistently the dominant inorganic phase in both
the outer and inner SEI layers, regardless of whether the
electrode is in the deposition or stripping state.10 This is
consistent with the O K-edge data, as seen in Figure S18A. In
terms of NaF, it forms in the outer layer of SEI during
deposition but disappears after stripping, suggesting it is either
dissolved or mechanically detached. A similar trend is observed
in the F K-edge spectra shown in Figure S18B, highlighting the
transient nature of SEI. NaF is widely considered beneficial in
the SEI due to its chemical stability, mechanical robustness,
ionic conductivity, and its ability to form a passivating layer
that suppresses side reactions and inhibits dendritic growth.35

The disappearance of NaF after stripping suggests the
instability of SEI in the 1 mol/L NaPF6 diglyme electrolyte,
consistent with previous operando GIWAXS observation. As
cycling continues, additional inorganic components such as
NaOH, NaH, and Na2CO3 appear, indicating increasing SEI
chemical complexity within the SEI.

Building on the understanding of inorganic phases, we next
examine the contribution of organic species to the evolving SEI
composition. Figure 3 (C) and Figure S19 present C K-edge
spectra with peak assignments corresponding to key functional
groups: C�C (284.9 eV), C�O (288.6 eV), C−H (290.2
eV), and C−C (292.4 eV).36,37 C�C/C−C and C�O/C−H
ratios derived from carbon K-edge spectra provide valuable
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insight into the chemical evolution of the organic components
within the SEI. The C�C/C−C ratio reflects the relative
abundance of sp2- versus sp3-hybridized carbon, serving as a
qualitative indicator of the electronic structure of SEI.38 A
higher C�C/C−C ratio suggests a greater presence of
unsaturated, graphitic, or conjugated species, which are
typically more electronically conductive, while a lower C�
C/C−C ratio indicates a dominance of saturated, aliphatic, and
polymeric components associated with a more insulating and
degraded SEI. Additionally, C�O/C−H ratio tracks the
oxidation state and functional group composition of the SEI.
An elevated ratio points to increased carbonyl or carbonate
content, often correlated with more polar, rigid, and
passivating organic species. Conversely, a lower C�O/C−H
ratio reflects a SEI rich in hydrocarbon-like chains, which are
less oxidized and may contribute to reduced structural integrity
or passivation efficiency.26 Together, quantifying the ratios of

these different types of bonding offers a chemically resolved,
depth-sensitive picture of SEI formation and degradation,
helping to interpret its protective properties and long-term
stability under different cycling conditions.

Figure 3(D) shows these indicators across different cycling
stages and outer and inner SEI have the same trend. The ratio
of sp2/sp3 (C�C/C−C ratio) remains relatively unchanged
after the first deposition and stripping but declines with
extended cycling, which implies that SEI becomes more
insulating after long cycling. The ratio of carbonyl/hydro-
carbon (C�O/C−H ratio) is consistently greater during
deposition than stripping and gradually reduces over time,
suggesting the SEI becomes less compact and possibly less
protective with prolonged cycling.

The electrochemical impedance spectroscopy (EIS) meas-
urements and the corresponding voltage profile are as
demonstrated in Figure S20. Initially, the significant resistance
in the resting step indicates unplated Cu and possibly
incompletely wetted interfaces. After the first plating half-
cycle, the resistance dropped to ≈10 Ω, indicating successful
cell activation, and the EIS curve showed two semicircles. The
lower-frequency one is most likely corresponding to the still-
forming SEI and species related to surface passivation. In the
EIS after the second plating, the semicircles merged into a
single semicircle, indicating a more complete and uniform SEI
structure.

On the other hand, the EIS of the samples after the stripping
process all displays two semicircles and larger resistance. The
higher resistance is most likely due to the stripping of Na
metal, exposing the less conductive SEI. The re-emergence of
two semicircles is likely due to the same process. As Na strips,
the more heterogeneous SEI layer is exposed and may be
morphologically affected, resulting in multiple interfaces in EIS
measurements and increased resistance. This R fluctuation is
repeatable. Overall, the EIS results are consistent with our
other characterization data and further support our inter-
pretation of the SEI evolution.

We next develop a mesoscale modeling framework to
investigate how heterogeneity and the distribution of different
SEI components influence electrodeposition stability at the Na
metal anode interface.39 Figure 4(A) shows a schematic
representation of the system considered in the model,
consisting of electrolyte, Na and SEI. The schematic highlights
the heterogeneous nature of the SEI, where multiple
components with distinct transport properties can alter ionic
conduction pathways. It was earlier shown that multiple SEI
components, such as NaF, NaH, Na2O, Na2CO3, and NaOH,
emerge during cycling. These phases exhibit distinct ionic
transport properties and such compositional differences can
strongly influence current distribution and stability. Alkali
metal fluorides, for example, are known to exhibit relatively
higher ionic conductivity and tend to form a more compact
and uniform SEI.10,40,41 On the other hand, relatively resistive
phases such as Na2CO3 and NaOH,20,33 which accumulate
after extended cycling, may enhance current heterogeneity.
Moreover, the preferred crystallographic orientation of SEI
phases, as observed in operando GIWAXS, can further
modulate their transport properties. The components aligned
along favorable directions may provide relatively easier ionic
pathways, whereas misaligned orientations can act as transport
bottlenecks, amplifying nonuniformity at the interface. A low-
conductivity SEI promotes current focusing in low-resistance
or thinner SEI regions, as shown in Figure 4(B), whereas a

Figure 3. Depth-resolved analysis of inorganic and organic SEI
composition using sXAS for different cycling conditions. (A) Na K-
edge spectra collected in TEY mode, representing the inner layer of
the SEI. The powder standards, NaPF6, Na2CO3, NaH, Na2O, NaOH
and NaF are shown in dashed lines. (B) Relative composition of
inorganic SEI species extracted from Na K-edge spectra through linear
combination fitting under various cycling conditions. (C) Carbon K-
edge spectra collected in TEY mode. (D) Evolution of sp2/sp3 (C�
C/C−C) and carbonyl/hydrocarbon (C�O/C−H) ratios, used as
qualitative indicators of SEI electronic character and oxidation state
under varying electrochemical conditions. In the figure, stripped
samples are labeled as “stri” and deposited samples are labeled as
“dep”.
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higher SEI conductivity leads to a more uniform current
distribution, shown in Figure 4(C). The impact of SEI
conductivity on the reaction current density is shown in Figure
4(D), and decreasing ionic conductivity amplifies reaction
heterogeneity at Na/SEI interface. Nonuniform electro-
deposition across such a heterogeneous SEI leads to stress
accumulation (Figure S21), promoting morphological insta-
bility and eventual SEI failure.
Figure 4(E,F) illustrates how spatial heterogeneity in

component distribution (e.g., NaF, Na2CO3, NaOH) alters
the current profile. Here, the spatial heterogeneity in the SEI is
given by ratio of the ionic conductivity of different
components, k1, k2 and k3. Current focusing occurs in regions
with relatively higher conductivity, while adjacent resistive
regions redirect flux, producing sharp gradients. These trends
are particularly relevant during extended cycling, where Na2O
detected in early cycles evolves into a mixed SEI composition
containing Na2CO3 and NaOH, as indicated by sXAS (Figure
3). Figure 4(G) shows the current profile with both outer SEI
(multiple components) and inner/interior SEI (assumed single
component for clarity). Figure S22 compares cases with
different spatial heterogeneity in the outer SEI, while Figure
S23 illustrates the potential distribution as a function of the
ionic conductivity of the inner SEI (kinner/kelectrolyte). Together,
these results highlight that both the intrinsic properties and the
spatial distribution of SEI components, across outer and inner
layers, critically dictate electrodeposition stability.
Finally, Figure 4(H) quantifies the combined effect of

heterogeneity and conductivity of the SEI. Here, the

heterogeneity in SEI is defined as the nonuniformity in SEI
morphology and is given by Ld/Lref, where Ld is the difference
between the maximum and minimum SEI thickness and Lref is
a constant reference length proportional to SEI thickness. The
instability descriptor δ quantifies the reaction heterogeneity
and is defined as δ = imax/imin, where imax and imin are the
maximum and minimum reaction current density. A higher
morphological heterogeneity, together with lower component
ionic conductivity, results in more unstable deposition.
Conversely, a spatially uniform, high-conductivity SEI
promotes more homogeneous electrodeposition. Overall,
these results suggest that the evolving composition of the
SEI plays a key role in dictating interface instability and
growth.

In summary, using synchrotron operando GIWAXS and
sXAS analysis, this work shows SEI undergoes spatially and
temporally heterogeneous formation and dissolution of
inorganic and organic phases, with NaF and NaH appearing
early and consistently, and Na2PO3F forming later via salt
decomposition. Mesoscale modeling connects these evolving
SEI structures and heterogeneity to localized current density
fluctuations, which trigger interfacial instabilities leading to
partial loss of passivation and the onset of dendrite formation.
This integrated experimental and modeling approach clarifies
how compositional and structural inhomogeneity and dynamic
reactions could drive sodium metal degradation, providing a
mechanistic foundation for designing more robust, reversible
Na metal anodes. Looking ahead, understanding the
persistence, reversibility, and longer-term degradation path-
ways of SEI phases will be essential for advancing stable Na
metal batteries. Extending operando and multimodal character-
ization methods to long-term cycling represents an important
direction for future studies.
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