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ABSTRACT: Interfacial contact limitations challenge reversible, high-rate
sodium deposition in “anode-free” sodium solid-state batteries and motivate
interlayer-based interface engineering strategies. Here, we systematically inves-
tigate how microstructural properties of non-graphitic carbon interlayers, i.e.,
the structural arrangement of graphene domains, particle size, and network
porosity, govern the early stages of sodium nucleation and growth in
NaSICON-based half-cells (≤ 750 μAh·cm−2). Comparing coarse- and fine-
particle hard carbon and carbon black interlayers (23–1200 nm), prepared
by tape-casting, shows that finer, more compactable carbons improve solid
electrolyte contact and promote uniform lateral sodium growth while sup-
/​8/​18
pressing dendrites. Focused ion-beam scanning electron microscopy and
87/​65082043/​ec-2026-00121
energy-dispersive X-ray spectroscopy confirm that sodium electrodeposition occurs predominantly at the interlayer|SE interface, with
partial sodium insertion into the carbon framework. Mechanical interlocking between the compliant carbon interlayer and a rough
solid electrolyte surface enhances adhesion, stabilizes interfacial contact, prevents delamination of the carbon-coated current collector,
and promotes laterally extended sodium growth. These findings elucidate how tailored interlayer microstructure and interfacial
mechanics govern sodium electrodeposition behavior. Carbonaceous interlayers mediate interfacial contact and homogenize current
distribution at the current collector|solid electrolyte interface, thereby defining design principles for solid-state sodium batteries during
electrodeposition.
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Sodium-ion batteries (SIBs) serve as important alternatives and
complements for lithium-ion batteries (LIBs) to overcome
shortages and price volatility as the global energy and energy
storage demand rises.1 At the negative electrode, carbon mate-
rials, particularly hard carbons (HCs), have become the
preferred choice for liquid electrolyte-based SIBs due to
their good sodium storage capability and stability upon sodia-
tion/desodiation.2–5 Unlike graphite, these non-graphitic carbon
materials feature two-dimensionally ordered graphene-sheet
domains and exhibit both an inherent and deliberately introduci-
ble porosity (via templating),6 which enables sodium accommo-
dation through adsorption, insertion, and filling of open- and
closed-type micro-/mesopores.7,8 Like graphite, they also fre-
quently suffer from alkali metal plating. Their reversible capacity
(Cg ∼ 200–350 mAh·g−1) and the resulting specific energy of
full SIB cells (Eg ∼ 100–175 Wh·kg−1) are inherently limited.2,9

To overcome this limitation and attain higher energy densi-
ties, there is interest in employing sodium metal electrodes
(Cg = 1,165 mAh·g−1) instead of host material frameworks.
Most liquid electrolyte-based systems exhibit inherent instabil-
ity towards the sodium metal electrode, resulting in solid
growth upon electrodeposition.10 Thus, solid electrolytes
(SEs), such as NaSICON materials and Na-β′′-alumina,11 have
garnered significant attention due to their chemical and
mechanical stability against the sodium metal electrode and
enhanced safety by replacing flammable liquid electrolytes
(Eg ∼ 230 Wh·kg−1).12,13 By utilizing the accessible sodium
content stored in the sodiated cathode active material – forming
the sodium metal electrode in situ during charging at the current
collector|solid electrolyte interface (CC|SE) – this approach
can further optimize the energy density of the battery
(Eg ∼ 250 Wh·kg−1). Simultaneously, it avoids the use of
sodium metal foils and simplifies manufacturing.14,15 This cell
configuration is commonly referred to as “anode-free”, or more
https://doi.org/10.1021/acselectrochem.6c00121
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accurately described as a zero-excess or reservoir-free cell
(RFC).14,16,17

In RFCs, the electrodeposition of sodium at the CC|SE inter-
face ideally proceeds in a layer-by-layer mode, thus generating
dense uniform sodium films covering the entire electrode in
both area and thickness. However, in practice, RFCs often face
morphological instabilities due to non-uniform deposition,
which manifests in whisker or island formation.16,18–21 This
leads to interfacial gaps due to delamination of the CC, as well
as dendrite growth. The former results in a reduced electro-
chemically active area and increases the cell resistance because
geometric current constriction causes an additional interface-
related contribution,22,23 while the latter poses a risk of short-
circuiting the cell.

To address these issues, functional interlayers are often intro-
duced between the SE and CC. The most established interlayers
for RFCs include metal alloying, carbonaceous, and nanocom-
posite interlayers.24–29 While the use of interlayers is a well-
established strategy for lithium-based systems,24–29 research on
their application in solid-state sodium systems is still in its
infancy and has thus far mainly focused on metal alloying inter-
layers.30,31 These ideally very thin interlayers tend to ensure con-
formal contact and thereby homogenize ion flux, while ideally
preserving their mesostructural integrity over multiple cycles.32

Metal alloying interlayers can effectively guide electrodeposition,
but are costly. They also often suffer from structural degradation,
since the alloying element is gradually depleted at the SE inter-
face and undergoes significant volume changes upon alloy-
ing.25,26 Interlayers with a carbon-based matrix, by contrast, are
low-cost, scalable, and structurally robust.33

Carbon-containing interlayers introduce two possible sodium
deposition sites, namely the CC|interlayer and interlayer|SE
interface. Since sodium deposition at the CC|interlayer inter-
face prevents direct Na|SE contact and thus SE degradation,
this interface is the preferred growth site. Generally, the con-
ductive properties of the interlayer and the strength of interfa-
cial adhesion govern the preferential deposition position.24,29

If adhesion of the interlayer to the CC is weaker than to the
SE, while sodium(-ion) transport across the interlayer remains
sufficiently fast, electrodeposition preferentially occurs at the
CC|interlayer interface. In lithium-based systems, numerous
parameters have already been shown to influence the plating
location, including the nature of the carbon, i.e., allotrope,27,32

porosity,29 and electrical conductivity,34 as well as processing
parameter and operating protocols during electrodeposition,
including the thickness of the interlayer,35 temperature,24,27 cur-
rent density,36 and fabrication pressure.37

A pioneering example of a carbon-based interlayer for
sodium solid-state cells was presented by Sun et al. who
designed a composite layer containing ferroelectric BaTiO3 par-
ticles dispersed within a Super P carbon black (CB) matrix.38 A
dense sodium layer was formed, which was speculated to result
from an improved sodium ion distribution at the interface
driven by the local piezoelectric field of the BaTiO3 particles.
The sole carbon-based interlayer without BaTiO3 was only
briefly investigated, leaving the specific role of the carbon matrix
open to further exploration. It is unclear whether carbon merely
acts as a mechanically and electronically conductive buffer, or
whether its microstructural properties play an active role in gov-
erning nucleation behavior and subsequent growth of sodium
metal. This raises the central question of whether carbon mate-
rials can actively facilitate sodium nucleation, beyond their
1888
conventional role as anode host materials in SIBs, and promote
its homogeneous electrodeposition in solid-state cells.39

To answer this question, here we systematically investigate
how the microstructure and particle-level deformability of carbo-
naceous interlayers govern sodium nucleation and growth in
reservoir-free solid-state half-cells employing a NaSICON-type
SE. To this end, both HC and CB materials with coarse- and
fine-particle size are compared to elucidate the role of microstruc-
tural parameters, i.e., structural order of the graphene domains on
the nanoscale, and particle size and network porosity on the
mesoscale. The study combines electrochemical analysis during
electrodeposition, including electrochemical impedance spectros-
copy (EIS), with focused ion-beam secondary electron micros-
copy (FIB-SEM), and energy-dispersive X-ray spectroscopy
(EDS) characterization to correlate interfacial morphology and
composition with cell performance. The discussion proceeds
from (i) the structural characterization of the carbon materials,
through (ii) the analysis of sodium electrodeposition and deposit
morphology with carbonaceous interlayers, to (iii) the optimiza-
tion of the interlayer|SE interface via a mechanical interlocking
strategy. Together, our results reveal how carbon microstructure,
SE surface topography, and interfacial mechanics jointly dictate
sodium nucleation and growth. Importantly, this establishes the
underlying structure–property–performance relationships that
guide interlayer design of low-cost, scalable, and structurally
robust interlayers for sodium-based RFCs.
■ RESULTS AND DISCUSSION

Carbonaceous Interlayers

Carbon Types for Interlayer Fabrication. Sodium stor-
age in carbon frameworks can proceed through two competing
processes: accommodation into the carbon material and metal-
lic plating on its surface.7 Sodium can be housed through
adsorption on defects and edges, insertion between graphene
layers, and filling of pores.40 The process can be tuned by tailor-
ing both the nanoscale microstructural carbon properties, e.g.,
graphene interlayer spacing as well as graphene layer extent,
and the mesoscale microstructural characteristics of the carbon
interlayer network that include particle size,41 morphology, and
their packing arrangement.42,43 As part of this study, we investi-
gated non-graphitic carbons as their sodium storage capability
may facilitate nucleation and promote uniform deposition.
Both, HC and CB materials with coarse (c) and fine (f) particle
size considered here, denoted as HCc/CBc and HCf/CBf,
belong to this class. They are characterized by a turbostratic
structure composed of two-dimensional ordered graphene-like
layers which are varying in their lateral extension as well as orien-
tation, contain structural defects like sp3-hybridized carbon atoms,
and are arranged in stacks (Figure S1).8,44 Within this class of car-
bons, their distinctions arise primarily from morphology and pre-
cursor origin.5,45

Nanoscale Microstructural Properties of the Carbon
Materials. The common turbostratic structure of the carbon
materials is confirmed by characteristic scattering patterns exhi-
biting (00l) and (hk) reflections instead of general (hkl) reflec-
tions. Fitting of the experimental scattering data (Figure S2)
allowed the calculation of quantitative microstructure parame-
ters that describe the extension of graphene layers and their
stacking (Table 1).46 This analysis reveals that within each type
of carbon the fundamental nanoscale microstructural
https://doi.org/10.1021/acselectrochem.6c00121
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Table 1. Nanoscale Microstructural Parameters of the Coarse and Fine HCc, HCf, CBc, and CBf Interlayer Materials Derived
from Quantitative Fitting of Wide-Angle X-ray Scattering Data Using the Ruland and Smarsly Algorithm46

HCc HCf CBc CBf
average interlayer spacing a3/Å 3.59 3.59 3.53 3.54
standard deviation of first-neighbor distribution σ1 0.14 0.11 0.08 0.17
standard deviation of interlayer spacing σ3/Å 0.58 0.24 0.30 0.59
average C−C bond length Icc/Å 1.409 1.411 1.416 1.415
average graphene layer extent La/Å 23.9 23.8 31.4 25.0
average stack height Lc/Å 8.2 6.4 19.7 18.2

Figure 1. (a–d) Top-view SEM images of tape-casted coarse and fine HCc/HCf-based (a, b) and CBc/CBf-based (c, d) interlayers, highlighting the
differences in average primary particle size and resulting mesoscale microstructure (note the different scale bars). The CBf-based interlayer exhibits
pronounced particle agglomeration, which is attributed to particle coverage by the added binder. (e) Electronic conductivity of the different carbon
materials measured in a steel|Cu|carbon|Cu|steel configuration using a four-point probe geometry as a function of pressure.
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parameters, i.e., interlayer spacing, C–C bond length, and aver-
age stack height, are very similar. Compared to the HC mate-
rials, the CB materials exhibit slightly smaller interlayer
spacings (a3) as well as significantly larger graphene layer
extents (La) and stack heights (Lc), indicative of a more regular
stacking of graphene layers (Figure S1). These parameters
already suggest the extent of different storage mechanisms.
The less ordered HC materials, with their larger interlayer spac-
ings and heterogeneous stacking, are expected to offer higher
sodium insertion and adsorption capacity compared the more
ordered CB materials. Porosity analysis of the investigated car-
bon materials was not performed as pore filling is generally
associated with the low-potential plateau region in SIBs.47

However, in solid-state systems a potential drop is observed
after the sloping region,37,38 which indicates that immediate
metal nucleation occurs and suggests that pore filling is a sec-
ondary process in solid-state cells.

Mesoscale Microstructural Properties of the Carbon
Materials. To further elucidate the carbons’ mesoscale micro-
structural architecture in the form of interlayers, SEM analysis
of the tape-casted interlayers was performed (Figure 1a–d). It
reveals that both HC samples consist of irregular, shard-like par-
ticles on the micron scale (Figure S3; average equivalent circu-
lar diameter (ECD) for coarse HCc av. ECD(HCc) ∼ 1.2 μm
and for fine HCf av. ECD(HCf) ∼ 206 nm). In contrast, both
CB samples are composed of nanosized, quasi-spherical primary
particles (av. ECD(CBc) ∼ 37 nm; av. ECD(CBf) ∼ 23 nm)
1889
that agglomerate into dense, interconnected networks upon
addition of binder and subsequent tape-casting onto aluminum.
Notably, the finer CBf represents a post-oxidized CB material
with an increased surface oxygen content, which may influence
its interaction with the binder, SE, and electrodeposited
sodium.48

To assess how the mesoscale architecture of the carbona-
ceous interlayers governs their transport properties, specifically
electronic transport, pressure-controlled four-point conductivity
measurements were carried out (Figure 1e).49 Because electro-
chemical reduction of sodium ions can only proceed at loca-
tions where ionic and electronic transport pathways intersect,
the distribution of electronic conduction paths can influence
the plating position.29,34 Owing to their nanoscale dimensions
and homogeneous packing, CB networks establish continuous
conductive pathways even at low applied pressures
(∼ 1 MPa), while the coarser and more angular HC particles
require substantially higher pressures (≥ 5 MPa) to achieve
comparable interparticle contact and network connectivity.
The measured conductivity reflects the electronic conductivity
and is often simply referred to as electric conductivity,49,50 as
the diffusion of sodium ions and thus the ionic contribution is
negligible in carbon materials (D

∼
Na ∼ 10−9–10−12 cm2·s−1).9

The generally higher electronic conductivity observed for CBc
relative to CBf can be attributed to its more ordered assembly
of graphene layers as indicated by the larger graphene layer
extent (La: 31.4 Å vs 25.0 Å). Importantly, previous findings
https://doi.org/10.1021/acselectrochem.6c00121
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Figure 2. (a) Potential profiles of half-cells recorded during cathodic sodium deposition at a current density of 0.3 mA·cm−2 under an applied stack
pressure of 1.5 MPa up to an areal capacity QA of 750 μAh·cm−2. The profiles are horizontally offset by 75 μAh·cm−2. The schematic illustrates the
half-cell configuration used in this study (Al|interlayer|NZSP|Naid). Electrodeposition was periodically interrupted every 75 μAh·cm−2 for EIS mea-
surements, giving rise to the small spikes observed in the potential profiles. (b) Enlarged view of the nucleation regime highlighting the different
nucleation overpotentials (horizontal offset: 0.25 μAh·cm−2).
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by Pantea et al. demonstrate that electronic conductivity is gov-
erned primarily by the structural arrangement and extension of
graphene layers rather than by surface chemical modification, a
conclusion that is supported by the trend observed here.49,50

The comparable nanoscale microstructural characteristics of
the CB and HC materials enable meaningful comparison for
each carbon type in the following, with the main distinctions
arising from their mesoscale properties, including particle size
and morphology. These parameters can critically influence the
effective interfacial contact and current distribution during
sodium electrodeposition in solid-state cells.

Potential Profiles. A half-cell with a sodium counter elec-
trode (CE) was employed to investigate the difference in
sodium deposition with HC- and CB-based interlayers from a
NaSICON-type SE, Na3.4Zr2Si2.4P0.6O12 (NZSP, Figure S4).
Here, the CE simultaneously serves as reference electrode
(RE; Figure 2a).51,52 The corresponding potential profiles dur-
ing electrodeposition at 0.3 mA·cm−2 and a low stack pressure
of 1.5 MPa are shown in Figure 2a for an areal capacity (QA)
up to 750 μAh·cm−2. The potential profiles for all carbonaceous
interlayers exhibit a characteristic potential drop followed by a
potential plateau regime, corresponding to sodium nucleation
and metal growth similar to recent findings.38 In contrast to
half-cells without an interlayer, where the aluminum CC was
isostatically cold-pressed to the SE (Figure S5),20 the introduc-
tion of carbonaceous CB- or HC-based interlayers ensured sta-
ble electrodeposition in early stages of sodium deposition
(≤ 750 μAh·cm−2) without short-circuiting. Bare CC systems,
either through diffusion-bonding of an aluminum CC or ther-
mal evaporation of a copper CC required a high-temperature
treatment for stable electrodeposition.16,20 By contrast, our
results here were achieved without any manufacturing step
involving a thermal, energy-intensive step for CC attachment.
Moreover, carbon coatings of CC foils are already an estab-
lished industrial process, rendering this approach scalable and
cost-effective compared to high-temperature treatments or
costly metallic alloying interlayers.30,31

The difference between the initial potential drop and the
plateau regime is defined as the nucleation overpotential ηnuc
as shown in Figure 2b.53 For HC-based interlayers, both
coarse and fine, the nucleation overpotential of the HC mate-
rials, cannot be resolved with the chosen sampling rate
(10 Hz) of the potential measurement, suggesting that nucle-
ation is fast. In contrast, CB-based interlayers show nucleation
overpotentials with ηnuc = (68 ± 9) mV and (51 ± 2) mV for
1890
CBc and CBf, respectively (Figure S6). The actual nucleation
overpotential might be obscured due to averaging of data
points. However, the generally higher nucleation overpotential
for CBc-based compared to CBf-based interlayers is attributed
to a smaller effective contact area and higher local exchange
current densities associated with the larger carbon particle size
and thus a lower number of microcontacts.54

Initial accommodation of sodium into the carbon prior to
metal nucleation, which is the “classical” view on sodium metal
storage in carbon, was not evident for the investigated carbona-
ceous interlayers, as no sloping regime preceding the potential
drop is observed in the potential profiles. This behavior is attrib-
uted to the limited effective interfacial contact area between the
carbon interlayer and the SE, which concentrates the applied
current at discrete microcontacts.53,55 At locally concentrated
current densities immediate sodium plating is favored,35,56,57

whereas at sufficiently low and homogeneously distributed cur-
rent densities, sodium adsorption and insertion into carbon can
precede metal nucleation. Comparable behavior has been
reported for carbon frameworks used as anode active materials
in liquid electrolyte-based batteries.7,43 There, high charging
rates suppress ion accommodation in the carbons and instead
promote metal plating on the carbon surface or within its
porous network.58,59 This owes to limited ion diffusion within
the carbon (D∼Na ∼ 10−9–10−12 cm2·s−1) and locally concen-
trated current densities analogous to the conditions here.9

Furthermore, the potential profiles reveal distinct growth
overpotentials ηgrowth, differing not only between interlayer
types but also among half-cells employing the same interlayer
(up to 6 mV for HCf, Figure S6). These differences likely stem
from variations in interfacial contact area and spatial distribu-
tion, and thus from differences in the active conductive volume
within the SE.16 Because the absolute cell voltage is also influ-
enced by the CE area, the observed values should be interpreted
as qualitative indicators rather than being directly comparable.
Nevertheless, the differences in ηgrowth suggest slightly different
sodium deposition behavior across the cells, motivating a
FIB-SEM cross-sectional analysis of the resulting electrodepos-
ited sodium morphology and interfacial structure, which is
described below.
Cross-Sectional Analyses of Electrodeposited

Sodium. Figure 3 shows the FIB cross-sections of half-cells
with carbonaceous interlayers both in the pristine state and fol-
lowing electrodeposition. Because such cross-sections represent
only a restricted local field of view, multiple cross-sections were
https://doi.org/10.1021/acselectrochem.6c00121
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Figure 3. FIB-SEM cross-sections of half-cells with Al|interlayer|NZSP|Naid configuration in the pristine state and after cathodic deposition of
750 μAh·cm−2 sodium metal at 0.3 mA·cm−2 with an applied stack pressure of 1.5 MPa for (a) HCc-based interlayers, (b) HCf-based interlayers,
(c) CBc-based interlayers, and (d) CBf-based interlayers. Sodium accommodation following nucleation into HC is more pronounced than for CB
interlayer materials. Scale bars equal 10 μm.
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cut, often revealing gaps between the SE and the carbon-coated
CC (Figure S7). However, specific areas where sodium was
electrodeposited were intentionally analyzed to gain deeper
insights into its morphology and sodium accommodation in
the carbonaceous interlayer.

HC-Based Interlayers. The HCc-based interlayer consists
of irregular, micrometer-sized particles that form a loosely
packed and highly porous network with large interstitial voids
(Figure 3a). Due to the coarse particle morphology, only few
discrete contact points are established with the SE. In contrast,
the HCf interlayer exhibited a denser and more homogeneous
packing (Figure 3b), owing to its smaller particle size which
enhances compactability and reduces the interstitial void vol-
ume. Nevertheless, the image shows that the contact with
the SE remains limited, likely due to poor adhesion, with a
small gap present at the interface. Minor zirconia contamina-
tion from the milling media is visible for HCf-based inter-
layers, but expected to be electronically insulating and
chemically inert under the applied conditions. The thickness
of both HC interlayers extends to approximately 10 μm.
1891
After electrodeposition, sodium appears as a dense deposit at
the interlayer|SE interface. This behavior can be rationalized by
considering both charge transport through the interlayer and
adhesion of the interfaces as schematically depicted in
Figure 4. While electron transport through the carbon interlayer is
fast (σel ∼ 0.1–10 S·cm−1; Figure 1d), ionic transport through the
interlayer is comparatively sluggish (D∼ Na ∼ 10−9–10−12 cm2·s−1),9

favoring sodium ion reduction at the SE interface. In addition,
the site for nucleation and continuous electrodeposition there-
after is governed by relative interfacial adhesion strengths.24,29

Peel-off tests showed that the interlayer adheres more weakly
to the SE than to the CC, demonstrating that the work of
adhesion Wad, a macroscopic interfacial property dictated by
the adhesion strengths and the number of microcontacts
at the interface, is weaker between interlayer|SE than
CC|interlayer interface (Wad,II < Wad,I). Thus, the carbon
interlayers act as electronically and mechanically compliant
extensions of the CC (σel(Al) ∼ 105 S·cm−1), directing elec-
trons towards the SE interface where sodium ions are reduced.
Compared with a dense metal foil CC, the carbon-based
https://doi.org/10.1021/acselectrochem.6c00121
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Figure 4. Scheme of interfacial adhesion and charge transport direct-
ing sodium electrodeposition at the interlayer|SE interface.
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interlayers provide superior mechanical compliance, which
facilitates improved interfacial conformity with the SE. We
would like to note, that this concept is generally applicable
for nonreactive or weakly-interacting interlayers. As in the case
of reactive interlayer, e.g., alloy-forming or conversion-type,
reaction upon sodiation could change the relative adhesion
of the interfaces due to volume changes and thus the plating
position and is expected to be more dynamic.

Assuming a film-like, layer-by-layer sodium deposition, the
applied areal capacity (750 μAh·cm−2) corresponds to a nomi-
nal sodium thickness of 6.6 μm. Deviations from this value can
result from non-uniform sodium growth, such as the formation
of isolated metal islands, whiskers, or dendritic filaments across
the electrode. Indeed, in HCc half-cells, sodium nucleated
locally at limited contact sites and grew predominantly vertically
beneath the interlayer, resulting in deposits considerably thicker
(∼ 11 μm) than expected for ideal layer-by-layer growth
(Figure 3a). This uneven vertical expansion induced stresses
and caused partial delamination of adjacent regions of the
carbon-coated CC (Figure S7a).60 In addition, sodium infil-
trated the large interstitial voids of the HCc framework via sur-
face diffusion and creep-assisted deformation, thereby
converting the nominally two-dimensional interlayer|SE inter-
face into an effectively three-dimensional sodium network with
a markedly increased effective interfacial contact area.61,62

The HCf interlayer, though more compact, also showed
sodium deposition at the interlayer|SE interface. However, this
was accompanied by the absence of sodium deposition in inter-
stitial voids and by gap formation between the deposited
sodium and the interlayer (Figure 3b). This observation raises
the question of whether a partially sodiophobic surface of the
HCf-based interlayer may promote the development of such
interfacial gaps. Furthermore, no clear evidence of dendrite pen-
etration was observed in FIB-SEM cross-sections of the HC-
based interlayers. However, light microscopy of polished SE
surfaces for both HC-based interlayers after electrodeposition
reveals small, dark-grey spots, which are tentatively attributed
to localized dendritic filaments that were not captured within
the analyzed cross-sections (Figure S8).

Elemental distribution of cross-sections analyzed by EDS
show that sodium is present within the interlayers after electro-
deposition, indicating partial accommodation of sodium in the
carbon framework (Figure 3a,b). As the potential profiles show
1892
an immediate potential drop without a preceding sloping
region, we infer that sodium accommodation into the carbon
material occurs subsequently to nucleation, i.e., after sodium
metal has formed at the interlayer|SE interface. The observed
sodium signal within the carbon layers thus likely originates
from post-nucleation diffusion into the carbon matrix from adja-
cent metal deposits.
Both HCc and HCf interlayers exhibited a locally increased

sodium signal (Kα1,2) within the carbon particles, indicating
sodium accommodation in the carbon material. This is consis-
tent with the nanoscale microstructural parameters of the mate-
rials derived from X-ray scattering analysis that indicate the
feasibility of sodium adsorption on defects or insertion between
the graphene layers. In contrast, sodium infiltration into intersti-
tial voids on the order of > 100 nm of the carbon network was
observed only for the coarse particle HCc interlayers, where dis-
tinct sodium deposits form within the interparticle porosity net-
work thereby forming a three-dimensional sodium network.
Sodium likely reaches these regions through a combination of
surface diffusion on carbon particles (Ea ∼ 0.1 eV) and creep-
mediated deformation of sodium metal, which together enable
gradual infiltration into accessible interstitial void spaces.9,42,63

Subsequent sodium insertion and distribution inside the carbon
presumably occurs through diffusion between graphene layers
(Ea ∼ 0.2–0.3 eV),63 accounting for an observed sodium signal
extending up to 5–6 μm into the interlayer.
CB-Based Interlayers. For CB, the cross-sectional analysis

displayed in Figure 3c,d, reveal thinner and smoother interlayers
(∼ 2–3 μm) than the HC-based counterparts (∼ 10 μm) due to
better particle-to-particle densification. Furthermore, the CB
interlayers exhibited a more intimate and conformal contact with
the SE, as the fine carbon network adapts closely to the surface
topography. Variations in interfacial conformity of the interfacial
contact were observed between the various interlayers, indicating
that the degree of physical adaptation to the SE surface strongly
depends on the particle size of the carbon. Interlayers composed
of very small carbon particles exhibit a higher degree of mechan-
ical compliance. This is due to the increased number of interpar-
ticle contact points and the ability of the particle network to
undergo localized rearrangement and plastic accommodation
under applied pressure. Such behavior allows the interlayer to
adapt to the surface topography of the SE, filling interfacial
voids/asperities and improving contact homogeneity and interfa-
cial integrity.
After electrodeposition, the CBc interlayer exhibited pro-

nounced mechanical degradation, manifested in rupturing and
interlayer accumulation resulting from stress build-up during
sodium electrodeposition owing to volume expansion
(Figure 3c). The resulting local sodium deposits were consider-
ably thicker (up to 23 μm) than expected for layer-by-layer
growth, indicating non-homogeneous island and whisker-type
deposition. In addition to dense deposits, regions with a fibrous
morphology were also observed.64

By contrast, the CBf interlayer largely retained its structural
integrity, with only thin remnants of the carbonaceous inter-
layer remaining at the SE interface beneath the dense sodium
deposit (Figure 3d). This demonstrates that a thin CBf-based
interlayer enables the formation of a dense sodium deposit suit-
able for RFC operation, marking a clear improvement over the
others. The preserved integrity of the interlayer was further
confirmed by post-deposition observations. When the CC was
peeled off, the carbonaceous interlayer remained attached to
https://doi.org/10.1021/acselectrochem.6c00121
ACS Electrochem. 2026, 2, 1887−1903

https://pubs.acs.org/doi/suppl/10.1021/acselectrochem.6c00121/suppl_file/ec6c00121_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acselectrochem.6c00121/suppl_file/ec6c00121_si_001.docx
http://pubs.acs.org/electrochem?ref=pdf
https://doi.org/10.1021/acselectrochem.6c00121


ACS Electrochemistry pubs.acs.org/electrochem Article

D
ow

nloaded from
 pubs.​acs.​org/​aeclc7/​article-pdf/​2/​8/​1887/​65082043/​ec-2026-001212.​pdf by guest on 04 Septem

ber 2026
the CC in regions where no sodium grew underneath
(Figure S9). In contrast, in areas containing sodium deposits,
the interlayer was found on top of the sodium layer, without
any noticeable material loss. This confirms that deposition
occurs almost exclusively at the interlayer|SE interface without
significant detachment or degradation of the carbon layer.
Although the sodium thickness in the analyzed cross-sections
(∼ 6 μm) is close to the theoretical value expected for layer-
by-layer growth (6.6 μm), light microscopy revealed small
island-like features, indicating local inhomogeneities in surface
coverage (Figure S10).

EDS analysis shows that CB-based interlayers (∼ 2–3 μm)
display a more uniform but overall weaker sodium signal than
HC (Figure 3c,d), reflecting their intrinsically lower capacity
for sodium storage due to their nanoscale microstructural prop-
erties. However, due to the limited lateral resolution of EDS, we
cannot unambiguously distinguish whether the detected sodium
in CB originated from deposition in interstitial voids or accom-
modation in the carbon particles themselves. The slightly higher
sodium content observed for fine CBf compared with coarse
CBc, likely stems from its oxygen-rich surface, which promotes
sodium adsorption through energetically favorable C−O−Na
interactions.48

Impedance Evolution. Overall, FIB-SEM analyses dem-
onstrate that the resulting sodium morphology depends on
how intimate is the contact the interlayer establishes with the
SE in the pristine state. To probe the dynamic evolution of this
interfacial contact in more detail during electrodeposition, elec-
trochemical impedance spectroscopy was performed, enabling a
qualitative assessment of the evolution of interfacial resistance
and sodium coverage. All impedance spectra in Figure 5 are dis-
played in Nyquist plot representation for the half-cell configura-
tion CC|interlayer|NZSP|Naid. These exhibit an offset along
the Re(Z) axis, which originates from bulk ionic transport
within the SE. The corresponding relaxation process occurs at
frequencies around fapex ∼ 560 MHz at room temperature and
therefore lies well outside the accessible frequency range of
7 MHz to 100 Hz, preventing its experimental resolution.65 In
addition, a contribution ascribed to grain boundary transport
appears in the high frequency region (fapex = 1.5 MHz).
Together, these two features represent the SE.

In the pristine state, the impedance spectra exhibit a charac-
teristic blocking behavior with pronounced charge build-up at
the working electrode (WE) in the high-to-mid-frequency
region (Figure 5). For HC-based cells, this blocking response
was already evident in the high-frequency regime (f(HCc) ≤ 3
MHz; f(HCf) ≤ 0.8 MHz), whereas for CB-based cells it
emerged predominantly at mid frequencies (f ≤ 0.2 MHz).
This shift indicates substantial differences in the contact geom-
etry at the CC|interlayer|SE interfaces.

We find that the ability to resolve the grain boundary contri-
bution from the low-frequency polarization tail depends
strongly on the conformity of the CC|interlayer|SE contact. If
the contact is non-conformal, as determined from pristine
FIB-SEM cross-sections (Figure 3), an additional interface-
related contribution can arise, which will be discussed below.
This contribution can overlap with the polarization tail, result-
ing in the shift of the latter towards higher frequencies, thereby
obscuring the grain boundary feature.22,23,66

EIS comparison of the pristine states of the different carbona-
ceous interlayers suggest that the HC-based interlayers exhibit
poor interfacial contact (in accord with the cross-sections
1893
shown in Figure 3a,b), as no distinct grain-boundary contribu-
tion could be resolved and the polarization tail dominates the
impedance spectra (Figure 5a,b, left panels). This behavior is
consistent with the limited physical adhesion of these electrodes
with only few contact points present between SE and interlayer.
As a result, they tended to delaminate from the SE, even after
isostatic pressing at high pressures. In contrast, the finer CB-
based interlayers display a more distinctly separated grain
boundary feature of the NZSP, although the overall response
still deviates from ideal case of a fully separated semicircle, with
the finer CBf exhibiting the most pronounced separation
(Figure 5c,d, left panels). This suggests that a smaller particle
size in the carbon layer promotes a larger number of microcon-
tact spots, a greater effective contact area, and thus a more inti-
mate interlayer|SE interface as supported by cross-sections of
the pristine cells.
Upon cathodic electrodeposition, the current was interrupted

(dQA = 75 μAh·cm−2) to record the impedance of the cell and
thereby infer the evolution of the morphology and the interfa-
cial characteristics of the electrodeposited sodium. Going from
the pristine state to electrodeposition, the half-cells transition
from a blocking to a non-blocking electrode configuration,
evidencing the onset of sodium metal deposition at the WE
(Figure 5a–d, right panels). A depressed semicircle owes to
the overlap of multiple contributions, introducing an additional
interface-related contribution (fapex ∼ 200−300 kHz).67

We have previously shown that this additional contribution is
governed by dynamic current constriction,22,23,66 as sodium
deposition proceeds non-uniformly both laterally and vertically,
leading to the formation of metal islands, whiskers, and interfa-
cial gaps.16 At high frequencies, these gaps behave as dielectri-
cally conductive pathways. At low frequencies, however, they
act as current-blocking regions, which manifests as a distinct
feature in the impedance spectra and reflects the morphology
of the electrochemically active contact area, including the distri-
bution and the depth of interfacial gaps.22,23,66 A detailed dis-
cussion of the impedance evolution for HC and CB carbons is
presented below.
Furthermore, all impedance spectra exhibited an increase in

impedance at low frequencies (f < 5 kHz) after initial electrode-
position, which has also been seen for other reservoir-free
sodium systems and commonly attributed to diffusion pro-
cesses.16,67,68 While a detailed analysis of this contribution lies
beyond the scope of the present study, it can nevertheless be
concluded that this low frequency feature becomes more pro-
nounced with decreasing particle size of the employed carbon
interlayer material.
HC-Based Interlayers during Electrodeposition. As

mentioned above, the spectra tracking the impedance evolution
during cathode deposition for cells employing HC interlayers
are characterized by a strong overlap of contributions originat-
ing from the SE and the interface-related processes. Owing to
the concurrent evolution and strong overlap of these processes,
reliable boundary conditions cannot be defined and thus pre-
vent meaningful quantitative fitting of the spectra.
Consequently, the following discussion is restricted to a qualita-
tive evaluation.
Upon electrodeposition, a progressive shift of the spectra

toward lower impedance values is observed in the high-
frequency region (f ∼ 1−7 MHz; Figure 5a,b, right panels).
This shift reflects a change in the effective cell constant
and manifests as a reduction of both the bulk and grain
https://doi.org/10.1021/acselectrochem.6c00121
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Figure 5. Impedance evolution in Nyquist plot presentation recorded with potentiostatic impedance spectroscopy (7 MHz–100 Hz) of half-cells
with carbonaceous interlayers during cathodic deposition of 750 μAh·cm−2 sodium metal at 0.3 mA·cm−2 with an applied stack pressure of
1.5 MPa. Impedance was recorded in the pristine state (beige markers) and after every 75 μAh·cm−2 and a selected choice highlighted by the respec-
tive areal capacity is shown during electrodeposition for HC-based (a, b) and CB-based interlayers (c, d). Impedance evolution for CB-based inter-
layers was fitted with an equivalent circuit model with R-RP-P circuit for the pristine state and R-RP-RP for electrodeposited half-cells with non-
blocking cell configuration, where R is the resistance and P refers to a constant phase element. (e) Schematic presentation of the proposed sodium
nucleation and growth mechanism for CB-based interlayers derived from the impedance evolution.
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boundary-related SE contributions, which are intrinsically
coupled. This can arise from two concurrent effects. First, den-
drite formation and propagation within the SE effectively
reduce the ionic transport length through the SE, leading to a
shift of the high-frequency response toward lower impedance.
Second, the formation of a three-dimensional sodium electrode
network through either infiltration of interstitial voids within
the interlayer or dendritic sodium structures in the SE that
increase the effective contact area. This expanding three-
dimensional network further reduces the measured impedance.

These effects are markedly more pronounced for the coarse-
structured HCc-based interlayer. In HCc-based cells, neither a
distinct interface-related feature in the Nyquist representation
(Figure 5a, right panel) nor a resolvable interface-related peak
in the distribution of relaxation times (DRT) analysis was
observed upon electrodeposition (Figure S11a), which is atypi-
cal for such systems.16,20,31 Simulations have shown that once a
critical effective contact area is exceeded, constriction-related
contributions can no longer be resolved by impedance spectros-
copy.23 This provides a plausible explanation for the absence of
an interface-related contribution in HCc-based cells, where
localized sodium deposition and infiltration into interstitial
voids lead to the formation of an extended three-dimensional
sodium network as evidenced by cross-sectional imaging analy-
ses (Figure 3a).

In contrast, cells employing the finer HCf-based interlayer
exhibit a gradual increase in total cell impedance with ongoing
electrodeposition (Figure 5b, right panel). While the SE-
related impedance slightly decreases, consistent with dendrite
formation, the interface-related contribution increases over
1894
time, indicating a progressive loss of effective interfacial contact
area. Cross-sectional analyses revealed pronounced interfacial
gaps between the deposited sodium and the HCf interlayer,
while no infiltration of sodium into interstitial voids or forma-
tion of a three-dimensional sodium network were observed.
The impedance increase can therefore be directly linked to con-
tact loss at an effectively two-dimensional interface, which may
be further promoted by a partially sodiophobic surface character
of the HCf-based interlayer.
Overall, the impedance evolution and cross-sectional analy-

ses indicate that HC-based interlayers pose significant chal-
lenges for controlling sodium electrodeposition at the SE
interface. In coarse HCc interlayers, sodium deposition pro-
ceeds via dendrite formation and infiltration into interstitial
voids, leading to the development of an extended three-
dimensional sodium network rather than film-like deposits. In
contrast, finer HCf interlayers maintain an effectively two-
dimensional interface but suffer from progressive contact loss,
manifested by interfacial gap formation and a continuous
increase in interfacial impedance. These distinct failure modes
demonstrate that HC-based interlayers do not provide a stable
or well-defined interfacial geometry.
CB-Based Interlayers during Electrodeposition. Both

CB-based interlayers exhibit a similar trend in impedance evolu-
tion during electrodeposition, while the effects are more pro-
nounced for the fine-particle CBf as shown in Figure 5c,d.
Unlike for HC-based half-cells, the high-frequency region of
the spectra remains largely unchanged, suggesting the absence
of dendrite formation and propagation within the resolution
of impedance spectroscopy. Furthermore, the overall cell
https://doi.org/10.1021/acselectrochem.6c00121
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impedance decreases markedly during the first electrodeposi-
tion step (75 μAh·cm−2) and then remains nearly constant
upon further deposition. This change can be attributed to the
reduction of the interface-related contribution as the bulk and
grain boundary contributions remain unchanged. This is further
supported by fitting with an equivalent circuit model
(Figure S12), as reliable boundary conditions can be defined
in this case. The more pronounced initial resistance decrease
for CBf compared to CBc points to a faster improvement of
the interfacial contact. Overall, both CB-based interlayers
exhibit an impedance evolution comparable to sodium electro-
deposition at thermally evaporated copper electrodes,
while offering a cost-effective and scalable alternative for solid-
state RFCs.16

The impedance response provides mechanistic insight into
the sodium growth process at CB-based interfaces
(Figure 5e). During the early stages of electrodeposition, up
to approximately 150 μAh·cm−2, the sharp decrease in
interface-related resistance indicates a rapid increase in effective
contact area (Aeff). This points to predominantly lateral growth
of the early sodium deposits at the interlayer|SE interface,
facilitated by the low stack pressure, the low yield strength
(σy ∼ 0.2 MPa) and high homologous temperature of sodium
(Th = T/Tm ∼ 0.8), which promote creep-mediated deforma-
tion and allows newly formed deposits to expand laterally.61,62

Beyond 150 μAh·cm−2, the interface-related resistance remains
essentially unchanged, suggesting stagnation of the improve-
ment of the interfacial effective contact area. In this regime,
sodium deposition therefore transitions toward vertical growth.
This behavior parallels observations in lithium-analogous sys-
tems, where initial nucleation site distribution governs subse-
quent metal growth and thereby determines overall electrode
coverage.60

Optimization of the Interfacial Contact through
Mechanical Interlocking

A conformal interface between the interlayer and the SE is
crucial for establishing a well-defined contact geometry in
the pristine state and for preventing delamination of the
CC in regions adjacent to sodium deposits during electrode-
position. The strength and stability of these interfacial inter-
actions are governed by the fundamental principle of
adhesion. One pathway to enhance adhesion at solid-solid
interfaces is the formation of material bridges formed
through, e.g., mechanical interlocking.69–71 The model pro-
posed by McBain and Hopkins refers to the penetration
and accommodation of surface asperities and voids of one
material by a mechanically compliant counterpart, enabling
the two surfaces to physically interlock and form key-
keyway connections (Figure 6a).72 Importantly, mechanical
interlocking is not solely achieved by increasing the surface
roughness, but it depends on the compatibility between
the roughness features of the substrate and adhesive, as well
as their mechanical properties, i.e., the ability of a softer
material to conform to the topography of a harder material.
Such interlocking increases the effective surface area,
thereby strengthening the contribution of adhesion forces
such as van der Waals and electrostatic interactions, and
additionally redirects crack propagation along a tortuous
and energy-dissipative path upon joint failure.71 It was pro-
posed that the combined contribution of mechanical inter-
locking and thermodynamic interfacial interactions can be
1895
expressed as a multiplicative relationship to estimate the
joint strength G:71

G= ðconstantÞ× ðmechanical keying componentÞ
× ðinterfacial interactions componentÞ

(1)

Together, these effects define the initial interfacial confor-
mity and influence the tendency for delamination of the
carbon-coated CC in adjacent regions during electrodeposi-
tion between the carbonaceous interlayer (“adhesive”) and the
SE (“substrate”).20,73 To tailor these effects and optimize the
interfacial contact mediated by the carbonaceous interlayer, we
deliberately introduced surface roughness by employing an unpol-
ished SE in half-cells.74 Confocal microscopy highlights the pro-
nounced difference in surface roughness between the polished
and unpolished SE surfaces (Figure 6b,c). The P1000-polished
SE exhibits characteristic polishing scratches but an overall lower
roughness, with an arithmetical mean height Sa = (99 ± 10)
nm. In contrast, the unpolished SE shows a substantially rougher
topography with Sa = (196 ± 14) nm, accompanied by taller
asperities, deeper valleys, and a significantly larger height range
of up to 1.6 μm. These differences in surface topography directly
influence the potential for mechanical interlocking together with a
compliant interlayer to conform to the SE surface as demon-
strated by peel strength measurements (Figure S13). Using an
even finer polished SE surface (≥ P2500), on the other hand, pre-
vented half-cell assembly, as the carbon-coated CC detached
immediately after pressing and repeatedly fell off. Since no stable
contact could be formed, measurements were not possible, under-
scoring that sufficient SE surface roughness is essential for inter-
face adhesion.
We note that interfaces between NaSICON-type SEs and

carbonaceous interlayers are governed by a complex interplay of
factors, i.e., carbon micro- and mesostructure, void distribution,
binder content, lamination pressure, and SE surface properties.
These parameters determine the quality of interfacial contact in
the pristine state. Interfacial adhesion, described by work of adhe-
sion or interfacial toughness, integrates these effects and defines
the initial conditions for homogeneous, layer-by-layer sodium
electrodeposition through uniform current distribution.
This approach of increasing the surface roughness of the SE

should be particularly effective for the fine CBf-based interlayer
as its enhanced deformability allows it to accommodate and fill
the roughness features of the rigid SE, thereby improving adhe-
sion through mechanical interlocking. Notably, peel strength
measurements with varying PVDF to carbon ratios
(Figure S13b) indicate that the carbon framework is the domi-
nant contributor to interfacial adhesion. While PVDF is required
for film formation, it does not dominate adhesion. Instead, adhe-
sion is governed by particle-mediated mechanical interlocking
within the carbon network, which also provides electronic con-
ductivity and preserves a structurally accessible interface.
The potential profiles of half-cells with a CBf-based interlayer

displayed in Figure 7a reveal that the unpolished SE exhibits a
markedly reduced nucleation overpotential (ηnuc ∼ 12 mV)
and growth overpotential (ηgrowth ∼ 7 mV), consistent with a
larger effective interfacial contact area, i.e., a larger number of
electrochemically active nucleation sites in the initial stage of
deposition and hence a larger area of sodium deposits covering
the electrode area. The inset in Figure 7a highlights the charac-
teristic sloping nucleation region prior to nucleation up to
approximately 2 μAh·cm−2. This resembles the early storage
https://doi.org/10.1021/acselectrochem.6c00121
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Figure 6. (a) Schematic illustration of the mechanical interlocking model proposed by McBain and Hopkins, as applied to the investigated carbo-
naceous RFC configuration. (b, c) Contour plots of a polished (P1000) and an unpolished solid electrolyte surface obtained by confocal microscopy,
together with their corresponding arithmetical mean heights Sa. Scale bars represent 100 μm.
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behavior reported for carbon frameworks in solid-state batteries
and SIBs often associated with sodium accommodation through
adsorption on defects and edges.75

The similarity suggests that improved interfacial conformity
established through enhanced physical contact and stronger
Figure 7. (a) Potential profiles of half-cells recorded during cathodic
sodium deposition at a current density of 0.3 mA·cm−2 under an applied
stack pressure of 1.5 MPa up to 750 μAh·cm−2 for cells with an unpol-
ished and a polished SE surface in contact with a CBf-based interlayer.
(b) Evolution of the SE resistance obtained from fitting of the impedance
spectra using an equivalent circuit model, comprising both bulk and grain
boundary contributions of the SE. (c) Evolution of the interface-related
resistance extracted from the same fits. Note that the error bars of the
unpolished SE half-cell are smaller than the symbol size and therefore
appear as a continuous line. (d) Schematic illustration of how interfacial
adhesion governs sodium growth at the interlayer|SE interface.
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adhesion promotes a more homogeneous distribution of cur-
rent across the interface. Such homogenization suppresses local
current hotspots and enables initial sodium accommodation in
the carbonaceous interlayer, as reflected in the potential profile.
In contrast, the polished SE displays immediate electrodeposi-
tion, which is attributed to its limited interfacial kinetics and
correspondingly higher local current densities (Figure S14a).9

Thus, only the unpolished SE supports a brief insertion process
prior to the onset of metal plating. The markedly reduced
nucleation overpotential observed for the unpolished SE sug-
gests that the interlayer acts as an effective “seed layer,” lower-
ing the nucleation barrier and facilitating sodium
nucleation.54,55 However, this behavior may also arise from
the increased effective interfacial contact area. Consequently,
the specific contribution of the interlayer to facilitating nucle-
ation beyond improving the mechanical and electronic interface
remains ambiguous and requires further investigation beyond
the scope of this study.
Impedance analysis provides further evidence for the differ-

ing interface morphology between the polished and unpol-
ished SE pellets. In the pristine state, the unpolished SE
exhibits a more clearly resolved grain boundary contribution.
It is visible as a more distinctly separated semicircle from the
linear increase in impedance at low frequencies consistent
with a more intimate interlayer|SE contact and thus stronger
adhesion enabled by mechanical interlocking (Figure S14b).
Upon fitting the spectra with an equivalent circuit model, an
apparent decrease in the extracted SE resistance is observed
between the pristine state and upon the first electrodeposition
step for the SE (Figure 7b). This shift is not solely an artefact
of the change in the equivalent circuit model, because this
effect is minimal for the unpolished SE. This indicates that
the higher resistance in the polished case arises mainly from
an unresolved superposition of grain boundary and interface-
related contributions, which artificially inflates the apparent
SE resistance.
During electrodeposition, the SE resistance remains essentially

unchanged for both samples, indicating that the electrolyte is
unaffected and that dendrite formation and internal cracking are
negligible as observed by impedance spectroscopy. In contrast,
the interfacial resistance exhibits a markedly different evolution
depending on the SE surface condition (Figure 7c). For the
polished pellet, the interface-related contribution decreases only
during the first two deposition steps and then remains constant,
indicating that interfacial improvement is largely confined to the
early stages of electrodeposition. Once the initial interfacial
arrangement of sodium deposits has formed after approximately
150 μAh·cm−2, further enhancement of the contact area appears
limited. The unpolished pellet, however, shows a continuous
https://doi.org/10.1021/acselectrochem.6c00121
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and substantially stronger decrease in interfacial resistance. This
pronounced reduction suggests a progressively increasing effective
contact area as sodium deposits grow laterally.

We assume that strong interfacial adhesion not only suppresses
early-stage delamination but also governs the growth mode of the
plated sodium, as schematically illustrated in Figure 7d. When the
carbon-coated CC|SE interface remains mechanically intact, the
deposited metal becomes laterally constrained by the surrounding
adhered regions. As established by chemo-mechanical models of
interfacial debonding and blister suppression, such constraint gen-
erates in-plane compressive stresses within the growing metal
layer, which promote lateral plastic flow rather than vertical sepa-
ration.60 The resulting stressed state is mechanically equivalent to
an additional effective stack pressure and favors laterally extended
growth, consistent with operando observations of confined
lithium deformation during electrodeposition.60,76 This situa-
tion is depicted in scenario I in Figure 7d by the laterally
constrained sodium deposit and the in-plane stress component σ∥.

In contrast, if interfacial adhesion is progressively weakened
by stresses generated during sodium growth, local delamination
of the carbon-coated CC from the SE can occur, representing
interfacial joint failure, as in the case of the polished SE.36,77

These mechanically decoupled sodium whiskers and islands
then experience concentrated current and reduced lateral con-
straint, such that metal growth proceeds predominantly normal
to the interface as vertically elongated deposits or filaments as
seen in scenario II (Figure 7d).78 In the schematic, this transi-
tion is reflected by the formation of interfacial gaps, the loss
of lateral constraint, and the dominance of out-of-plane stress
σ⊥. Thus, the rough surface topography of the unpolished SE
prevents delamination of the carbon-coated CC, enabling
mechanical interlocking and thereby supporting the horizontal
expansion of the sodium layer, which in turn establishes a more
continuous and stable interfacial contact throughout early
stages of electrodeposition.

In summary, sodium nucleation and growth in RFCs with a
NaSICON-type SE is dictated by the initial contact geometry
at the interface of CC and SE. This critical interaction in adhe-
sion between CC and the SE can be tailored through the follow-
ing strategies:

i) Employing a thin, low-cost carbonaceous interlayer as an
electronic and mechanical contact mediator, effectively
enabling electron transport and mechanical buffering
directly at the interface.

ii) Optimizing themesoscale deformability and contact formation
of the interlayer by using small primary carbon particles, which
(a) increase the number of microcontact points, (b) allow
local rearrangement and mechanical compliance under low
stack pressure and electrodeposition-induced stresses gener-
ated at the interface, and (c) thereby establish a more contin-
uous and conformal effective interfacial contact area.

iii) Enhancing mechanical engagement at the SE surface by
tuning SE topography, where increased surface rough-
ness provides accessible asperities and voids that the
compliant carbon network can accommodate, increasing
the adhesion through mechanical interlocking.

Together, these interfacial design principles provide a frame-
work for directing sodium electrodeposition toward laterally
extended growth, enabling low-cost and efficient operation of
sodium-based solid-state RFCs.
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■ CONCLUSIONS

This work demonstrates that the mesoscale particle architecture
of non-graphitic carbon interlayers, specifically particle size
(23–1200 nm) and compactability, critically determines interfa-
cial contact formation, sodium deposition morphology, and
dendrite propensity in reservoir-free sodium solid-state cells
with a NaSICON-type SE. Coarse particles provide fewer con-
tact points and a smaller effective contact area, resulting in cur-
rent focusing and accelerated dendritic growth, most notably for
HC-based interlayers. In all systems, sodium deposits as islands
and whiskers at the interlayer|SE interface, consistent with the
electronic and adhesional properties of the carbon interlayers.
Among the evaluated materials, a fine CBf-based interlayer
(average particle size ∼ 23 nm) enables the most homogeneous
electrodeposition. Its high deformability and adhesion toward
the SE allow it to function as a mechanically adaptive “cushion”,
establishing intimate interfacial contact and stabilizing the
CC|interlayer|SE interface.
The study further highlights that strong adhesion is key to

establish a stable initial interface, suppressing delamination,
and promoting extended lateral sodium growth. Increasing the
mechanical interlocking component between the fine CB inter-
layer and an unpolished, rough SE surface stabilizes early depo-
sition, while a sloping regime in the potential profile indicates
sodium insertion presumably facilitating nucleation. Together,
these results link carbon microstructure, SE topography, and
interfacial mechanics to the nucleation and growth behavior of
sodium metal.
Building on these results, high-resolution transmission elec-

tron microscopy (TEM) or scanning transmission electron
microscopy coupled with energy-dispersive X-ray spectroscopy
(STEM-EDS) analyses will be required to determine whether
the sodium detected within the CBf-based interlayer resides in
interstitial voids or is inserted into the carbon particles them-
selves, thereby clarifying the nanoscale sodium distribution.
This distinction is important, as partial sodiation of the carbon
could act as a “seed layer” and potentially facilitate nucleation.
In addition, systematic deposition–dissolution studies are
needed to assess the reversibility of this sodium insertion and
to determine whether any sodium remains trapped within the
carbonaceous interlayer upon cycling. Taken together, this work
highlights the interconnected roles of mechanical deformability
of the interlayer, interfacial adhesion, and SE surface topogra-
phy at the carbonaceous interlayer|NZSP interface. Their coor-
dinated optimization emerges as a key requirement for
achieving stable and uniform sodium deposition in sodium
RFCs and provides a foundation for future interlayer design
with NaSICON-type SEs.

■ EXPERIMENTAL SECTION

Synthesis of the Solid Electrolyte

All NaSICON-type SE pellets reported herein with
Na3.4Zr2Si2.4P0.6O12·1.5 at % Na3PO4 were synthesized by a modified
solution-assisted solid-state reaction reported by Ma et al.65 The SE,
NZSP, was prepared in 3 g batches by first dissolving stoichiometric
amounts of ZrO(NO3)2·x H2O (x = 6 by thermal analysis; 99%,
Sigma Aldrich) in approximately 50 mL deionized water. The precur-
sor was hand ground in an agate mortar in prior. After stirring over-
night at room temperature, NaNO3 (99%, Sigma Aldrich), nitric acid
(70%, Sigma Aldrich), and Si(OCH2CH3)4 (98%, Merck) were added
in the given order thus forming a biphasic mixture and hydrolyzing
https://doi.org/10.1021/acselectrochem.6c00121
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Scheme 1. Pressure-Dependent Four-Point Measurement
Setup for Electronic Conductivity Measurements of the
Carbon Interlayer Materials with Stainless Steel Pistons
Closing the Current Circuit and Copper Wires for
Determination of the Potential
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after stirring overnight. After addition of NH4H2PO4 (99%, Acros
Organics), a colorless precipitate was received. To remove the solvent,
the material was heated to 85 °C in a sand bath, after which the
resulting white solid was stored in an oven at 80 °C. The mixture
was transferred to an alumina crucible and calcined at 800 °C for
3 h with a heating and cooling rate of 180 °C·h−1 in a muffle furnace
(L 5/13/P330) by Nabertherm. The white solid was ball milled with
zirconia balls (d = 5 mm) and ethanol at a weight ratio of 1:10:1 in
a Pulverisette 7 by Fritsch in zirconia cups (180 rpm for 15 min,
10 min rest, 80 cycles). Afterwards, the obtained crude product was
dried in an oven at 60 °C followed by in vacuo drying in a Büchi glass
oven at 80 °C overnight. Pellets were prepared by transferring
500 mg or 250 mg into a cylindrical pressing mold with a diameter
of 13 mm or 10 mm, which were pressed uniaxially at 220 MPa for
3 min or under an applied torque of 10 Nm for 2 min. The pellets were
covered with mother powder, placed on platinum foil, and sintered at
1285 °C for 5 h with a heating and cooling rate of 180 °C·h−1 in a
high-temperature furnace (HT04/17) by Nabertherm yielding pellets
with 11 mm or 8 mm diameter and approximately 1.6 mm thickness.
The relative density of the SE was determined geometrically, assuming
a cylindrical shape, and was found to be ≥ 90%. It needs to be noted
that upscaling of the synthesis (5 g) led to the formation of a glassy
phase upon sintering.

Synthesis of the Hard Carbon

The synthesis of resorcinol-formaldehyde-derived HC powder was based
on the procedure reported by Tanaka et al. and modified as follows:
resorcinol (551 mg, 99%, Sigma Aldrich) was dissolved in deionized
water (1.45 mL) by stirring at room temperature for 10 min in a glass
vial.79 5 M hydrochloric acid (50 μL), which was prepared previously
upon mixing deionized water (2.917 mL) with fuming hydrochloric
acid (2.083 mL, 37%, VWR Chemicals), were added. Afterwards, abso-
lute ethanol (4.835 mL, 99.8%, Fisher Chemicals) as well as triethyl
orthoacetate (456 μL, 97%, Thermo Scientific) and 37 wt % aqueous
formaldehyde solutions (550 μL, stab. 10–15% methanol, Sigma
Aldrich) were added one after another. The clear solution was stirred
at 30 °C for 30 min before cross-linking. Thermopolymerization
between resorcinol and the aldehyde species was initiated upon a ther-
mal treatment at 80 °C over night. A hard brown solid was obtained,
which was scratched out of the glass vial and transferred into a crucible
for carbonization in a tube furnace (STF 16/18 from Carbolite Gero
Ltd.) in nitrogen atmosphere (N2 flow rate of 500 mL min−1, heating
rate of 1 Kmin−1 with 1 h dwelling time at 400 °C and 2 h dwelling time
at 900 °C, cooling with 4 K min−1). The black product was hand-
mortared for 6 h in order to obtain the coarse HC powder HCc.

The particles size for the finer HCf was further reduced by ball-
milling. A 1 h hand-mortared non-templated resorcinol-
formaldehyde-derived HC derived by the same route as for HCc was
subsequently used in a ball-milling step with zirconia balls (d =
5 mm) at a weight ratio of 1:40 in a Pulverisette 7 by Fritsch
(500 rpm for 10 min, 5 min rest, 12 cycles) in zirconia cups.

Material Characterization

X-ray Scattering. The phase purity of the SE for each synthesized
batch was investigated via powder X-ray diffraction (XRD) analysis,
which was performed on Empyrean Series 2 by PANanalytic in Bragg-
Brentano geometry with a monochromatic Cu-Kα-X-ray beam with
wavelengths of λ1 = 154.06 pm (Kα1) and λ2 = 154.44 pm (Kα2).
The hand-ground sintered pellet was mounted on a (911)-oriented sil-
icon single crystal sample holder. All measurements were carried out at
an operating voltage of 40 V and a current of 40 mA. The following
measurement range of 2θ = 10°−70° was used with a step size of
0.013° and a measurement time of 150 s per step. The obtained
XRD data were analyzed with HighScore.

Wide-Angle X-ray Scattering for Carbon Nanoscale
Microstructural Analysis. Wide-angle X-ray scattering (WAXS)
was carried out for the examination of the carbon microstructure, i.e.,
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the graphene layers’ arrangement, dimensions, and stacking. A
XRDynamic 500 diffractometer from Anton Paar was used in Bragg-
Brentano geometry at room temperature with Cu-Kα1 radiation (λ =
1.5406 Å) and Cu-Kα2 radiation (λ = 1.5444 Å) in a 1:2 ratio. The
operating voltage was 40 kV with a current of 50 mA. Within the mea-
surement range of 2θ = 10°−115° a step size of 0.1° and measurement
time per step of 900 s was applied. To obtain quantitative microstruc-
tural information, the algorithm of Ruland and Smarsly was used.46

Implemented in the OctCarb script by Osswald and Smarsly,80 it was
executed by the GNU Octave software to fit the whole experimental
WAXS data curve with a theoretical model function while minimizing
the deviation to the experimental data. Detailed information about
mathematical basis of the algorithm and the calculation of physical
and geometrical parameters describing the carbon microstructure are
out of the scope of this article and can be found in previous
publications.46,81,82

Electronic Conductivity Measurements. The electronic con-
ductivity of the carbon materials was measured in four-point geome-
try following the procedure by Sánchez-González et al. (Scheme 1).49

Two steel pistons (d = 2 mm) were used to apply the current and
define the cross-sectional area A, while the two copper wires (d =
1 mm) inserted into the polyether ether ketone (PEEK) inlet at a
defined separation L, served as potential probes, where L corresponds
to the distance between the two voltage-sensing contacts. The resis-
tance R was recorded with a digital multimeter (Keithley 2007) oper-
ated with the 4-wire resistance function (Ω4 mode). The carbon
powders were gradually filled into the cylindrical column and contin-
ually compacted under the designated pressure using an in-house-
built pressing apparatus.51 The conductivity was then determined
by σel = L

A·R . All measurements were conducted three times at the
designated pressure.

Peel Strength Measurements. Peel tests were conducted to
quantify the interfacial toughness of carbonaceous interlayers on SE
substrates using a geometry adapted from Liao and co-workers.37

The interlayers were pressed onto the SE under conditions identical
to those used for half-cells and subsequently peeled off under con-
trolled conditions. The interfacial toughness Γ was calculated accord-
ing to

Γ=
2 F
b

(2)

where F is the applied force and b = 6 mm is the effective contact
width. No force correction was applied, as no permanent curling of
the tape was observed. Thus, the applied weight was directly approx-
imated and converted into the acting force with 2–3 measurements
per tested combination. Errors were approximated with error propa-
gation assuming an error of 0.5 mm as Δb. Further details are pro-
vided in the Supporting Information (Figure S13).
https://doi.org/10.1021/acselectrochem.6c00121
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Scanning Electron Microscopy. Morphology of the SE and car-
bon films was investigated by means of SEM using the high-resolution
field-emission SEM instrument GeminiSEM 560 by Zeiss. Detection of
secondary electrons was performed with the detectors SE2 and Inlens,
which were operated at either 2.0 kV with a 20 μm probe aperture
or 5.0 kV with a 15 μm probe aperture in imaging mode. SEM images
were analyzed with ImageJ.

3D Confocal Microscopy. Roughness analyses of the SE topogra-
phy of an unpolished and P1000 polished SE was investigated by
means of confocal microscopy using a S Neox confocal microscope
by Sensofar with an EPI 50x PLANAPO objective together with the
SensoSCAN 6.7 software package. An area of 350.88 × 264.19 μm2

was scanned with a pixel size of 0.26 μm/pixel using a green LED (light
intensity ∼ 1.3%). Data were processed and evaluated using
SensoVIEW 2.6.0. The measured 3D profiles were leveled with the
‘plane’ function for comparability. Missing data points were recon-
structed by interpolation with a bicubic function.

Cell Preparation

All work with chemicals, which were dried in vacuo in a Büchi glass
oven beforehand, was conducted in an Ar-filled glove-box by MBraun
(p(O2)/p < 5 ppm, p(H2O)/p < 5 ppm).

Preparation of Carbon Tapes. Carbon tapes were prepared in
the following order: SuperPLi conductive carbon (TimCal, average
particle size (APS) according to supplier ∼ 40 nm) or carbon black
FW 200 (Degussa, APS according to supplier ∼ 13 nm) and PVDF
(5 wt % in NMP) were dispersed in N-methyl-2-pyrrolidone
(NMP) in a polymer cup. Three zirconia balls (d = 5 mm) were
added to the suspension and the mixture was ball milled in a speed
mixer at 2000 rpm for 1 min. NMP was added gradually with mixing
steps in between and finally mixed at 2000 rpm for 5 min until a uni-
form slurry was formed. The slurry exhibits a weight ratio of 93:7,
85:15, and 80:20 referring to carbon:PVDF at a solid weight content
of ∼ 5–10%. The obtained slurry was cast rapidly (5 mm·s−1) onto
aluminum foil (∼ 17 μm) at a thickness of 30 μm at 60 °C, followed
by drying at 80 °C in vacuo for 12 h, and punching circular disks (d =
5 mm), which serve as WE in the following process. Interlayers for
HCf and CBc had to be retaped for EDS measurements as the glove-
box atmosphere contaminates the surface over extended storage
times thereby changing the electrodeposition behavior. The solid
weight content was slightly lower for the retaped HCf-interlayer
explaining the difference in thickness.

Preparation of Metal Electrodes for Solid Electrolyte
Conductivity Determination. For determination of the ionic con-
ductivity of the SE, symmetric cells with gold blocking electrodes were
prepared (Au|SE|Au). A NaSICON pellet (d = 8 mm) was first
polished with grit P1500 SiC-paper and covered with gold
layers with a thickness of 150 nm by thermal evaporation on both sides
(daperture = 6 mm).

Cell Assembly. Cells reported herein were fabricated as half-cells
with the following configuration unless otherwise noted:
Al|interlayer|SE|Naid|Cu. As a CE, a sodium electrode is used that
meets the requirements of a quasi-reference electrode (Naid).

51 As
the resistance of the Na|NaSICON interface has been found to be
Scheme 2. General Assembly of Half-Cells with Polished SE
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negligibly small (∼ 1 Ω·cm2) following an isostatic pressing proce-
dure of the sodium electrode onto the SE, this electrode can be seen
as an ideal CE.52 Hence, Naid acts as combined CE and RE as long as
no interfacial contribution arises from sodium dissolution, which was
monitored through polarization due to pore formation at the CE in
the potential profile during cathodic deposition. No such polarization
was observed, and we therefore assume negligible contribution of the
CE. Therefore, any changes observed during the electrochemical
measurements of the cells are ascribed to the WE at used areal capac-
ity of 750 μAh·cm−2.51 These sodium CEs (BASF) were prepared
through repeated flattening with plastic wrap in a hand pressing appa-
ratus and subsequent punching into circular disks (d = 6 mm). The
sodium disks were placed on copper foil (d = 10 mm or 8 mm)
and cleaned by scratching the surface with a ceramic knife before
pressing onto the as-sintered pellet. For measurements with polished
pellets, the NaSICON pellets were polished up to grit P1000 with
SiC-paper on the side contacting the WE in the following
(Scheme 2). The CE was attached by hand pressing and subsequent
isostatic pressing. For this, the half-cells were sealed in pouch bags
(4 cm × 4 cm) under vacuum and isostatically pressed in a slab press
with an isostatic pressure chamber by LOOMIS at 100 MPa for
15 min. After removal of the pouch casings, the cells were contacted
with nickel CCs (d = 4 mm, MTI), which were fixated with Kapton
tape and sealed in pouch bags under vacuum (4 cm × 7 cm). A
polished nickel disk (d = 12 mm; polished up to 1 μm diamond sus-
pension) was placed in between the nickel CC tab and the WE to
ensure sufficient contact and equal pressure distribution during
sodium deposition. After electrochemical characterization, the plated
WE was removed with Kapton tape, while retaining the CE. The pel-
let was reused by removal of all sodium residues through polishing up
to grit P1000 followed by attaching of a new WE in the described
manner displayed in Scheme 2.

Electrochemical Characterization

An additional external load of 1.5 MPa was applied by using an in-
house-built pressing apparatus reported by Krauskopf et al. for plating
experiments.51 Electrochemical characterizations were carried out in a
climate chamber by Binder at 25 °C using a Biologic VMP 300 potentio-
stat (BioLogic Sciences Instruments). Arrhenius measurements were car-
ried out inside a climate chamber by Weiss Technik LabEvent with a SP
300 potentiostat. The obtained data were analyzed with EC-Lab (vers. 11).
For potentiostatic electrochemical impedance spectroscopy (PEIS) mea-
surements, an amplitude of 10 mV was applied within a frequency range
between 7 MHz and 100 Hz to minimize the time for interruptions during
electrodeposition and maintain the steady state criterium. For the first 1 h,
the cells were equilibrated recording a PEIS spectrum every 30 min. After
equilibration, the cells were plated by applying a current density of
0.3 mA·cm−2, while recoding the potential at a sampling rate of
10 Hz during the first step to resolve the nucleation overpotential. If
not stated otherwise, plating steps were interrupted after
75 μAh·cm−2 until 750 μAh·cm−2 of sodium was deposited at the
WE. Before and after each impedance measurement, the cell was
allowed to equilibrate for 4 s in open circuit voltage (OCV) mode.
All measurements were performed with two cells.
https://doi.org/10.1021/acselectrochem.6c00121
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Analysis of impedance data was conducted by fitting with an equiv-
alent circuit model using RelaxIS 3 (rhd Instruments, vers. 3), if possi-
ble. Data points in the higher and lower frequency range with a
relative error greater than 5% in Kramers–Kronig test were excluded
from fitting.52 All PEIS data of half-cells were normalized by multipli-
cation with the cell constant Atheo

L . The effective cell constant was deter-
mined using a theoretical geometric area of the electrode
Atheo = L

σbulk ·Rbulk
, where L is the SE thickness. An identical bulk resis-

tance was assumed for all cells, consistent with bulk ionic conductivity
measurements obtained from symmetric Au|SE|Au cells (σbulk =
0.145 S·cm−1). For CB-based cells, the bulk resistance Rbulk was
extracted directly from pristine-state fits based on pristine-state imped-
ance spectra using an equivalent circuit of the form R-RP-P. The first
resistance R represents the bulk SE contribution, while the second RP
element corresponds to the SE grain boundary response. Furthermore,
a constant phase element P accounts for the low-frequency polarization
tail in the pristine state. For HC-based cells, where reliable separation of
bulk, grain boundary, and polarization tail contributions was not possi-
ble, Rbulk was approximated by the real part of the impedance at the
highest measured frequency (Re(Z) at 7 MHz). All SE- and interface-
related resistances derived from fitting, as well as the real and imaginary
components of the impedance (Re(Z), −Im(Z)), were also normalized
by multiplication with the cell constant Atheo

L . This procedure was applied
uniformly to all half-cells also after electrodeposition, while the ratio
between bulk and grain boundary resistance was kept fixed based on
the unpolished half-cell. For fitting, the equivalent circuit model was
altered by replacing the constant phase element P by an RP element
included for non-blocking cells to account for interface-related contribu-
tions. Distribution of relaxation times (DRT) analyses were performed
with a Gaussian basis function, a second order derivative (shape factor:
0.5), and λ = 10−3 within a frequency range between 5 MHz and
1 kHz, considering real and imaginary parts of the impedance, using the
distribution function for regularization
82043/​ec-2026-001212.​pdf by guest on 04 Septem
ber 2026
Post Mortem Characterization

The plated cells were prepared for ex situ analysis by mounting the
sample on an aluminum stub at 45° covered with an adhesive copper tape
on a Leica stub and transferred with a Leica VCT500 transfer module with
cryo stage. Cross sections of half-cells with in situ electrodeposited
sodium were prepared with a Xe plasma-focused-ion-beam scanning elec-
tron microscope (FIB-SEM) XEIA3 by Tescan under cryogenic condi-
tions (< −120 °C) at 30 kV with 370 nA beam current (400 μm probe
aperture). Two polishing steps followed (112 nA, 400 μm or 100 nA,
400 μm and 32 nA, 200 μm or 15 nA, 200 μm). SEM imaging was con-
ducted at 4 kV with the SE detector and a detector for low energy back-
scattered electrons (LE-BSE) in analytic or ultra-high resolution mode.
SEM images were analyzed with ImageJ. Investigation of the atom
distribution was performed by means of SEM using the high-resolution
field-emission SEM instrument GeminiSEM 560 by Zeiss with the EDS
detector Ultim Extreme by Oxford Instruments at 5.0 kV with a 60 μm
or 120 μm probe aperture at high current in imaging or normal mode
under cryogenic conditions (< −80 °C). The obtained data were ana-
lyzed with Aztec 3.2 utilizing a linear fit auto brightness with a binning
factor of 1. Smoothing of element maps proceeded with a Gaussian
function and binning of 3 × 3.
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