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HIGHLIGHTS

e Dense NZSP solid electrolytes (~500 pm
thick) fabricated.

e Powder Aerosol Deposition (PAD) was
employed to fabricate interlayers.

e Conversion-type CuO interlayers
(~650 nm) reduced interfacial
resistances.

e High critical current density up to
7.4mA cm~2has been achieved.

e PAD-CuO interlayers provided cycling
stability over ten days at 30 °C.
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Powder Aerosol Deposited (PAD) interlayers

ABSTRACT

Solid-solid interfacial instabilities remain major obstacles for the industrialization of cost-effective, high energy
density solid-state sodium batteries (SSSB). In this work, a conversion-type CuO interlayer was successfully
deposited onto both sides of NagZrySiaPO15 (NZSP) solid electrolyte (SE) discs by powder aerosol deposition
(PAD) to enhance the interfacial compatibility between sodium metal and SE. While unmodified symmetric cells
suffer from progressive interfacial degradation, and limited critical current density, incorporating PAD-CuO
interlayers on NZSP SE discs significantly reduces interfacial resistance and increases the critical current den-
sity up to 5.0 mA cm 2. This value is further increased to 7.4 mA cm ™2 by thermal post-treatment. Long-term
galvanostatic cycling demonstrates stabilized overvoltages during plating/stripping experiments, indicating
progressive interphase activation and improved Na®' transport. Overall, these results demonstrate that PAD
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enables the fabrication of functional interlayers for stabilizing the Na|NZSP interface and may provide a foun-
dation for fully PAD-processed scalable architectures in next-generation SSSBs.

1. Introduction

Solid-state sodium batteries (SSSBs) hold great potential as a cost-
effective and safe storage solution for future electromobility and sta-
tionary energy storage applications [1]. NaSICON (Sodium Super Ionic
Conductor) solid electrolytes (SE) are a promising class of materials to
realize SSSBs due to their high sodium ion conductivity and good ther-
mal stability [2]. Amongst them, the Naj ;,ZrsSi,P3_,012 (NZSP) system
[3] is extensively studied because it enables fast Na*-ion transport at
room temperature and exhibits good chemical and ambient air stability.
When using NaSICON-based SEs, sodium metal can be incorporated into
the SSSB architecture as the negative electrode, providing a high theo-
retical capacity of 1165 mAh g~! while offering a wide electrochemical
stability window [4]. As a result, pairing sodium metal with NaSICON
may lead to high volumetric energy density cells, especially when thin
NaSICON separators are used in Na|NaSICON|Cathode cells.

Such SSSB configurations, however, face significant challenges at the
Na|NaSICON interface, namely, high interfacial resistances due to
insufficient contact at the interface caused by poor wettability of sodium
metal on the SE surface, and the dendrite formation/penetration
through the SE, owing to inhomogeneous ion transport across the
interface which leads to short circuits [5,6]. Moreover, when NZSP is
brought into contact with sodium metal, chemical instabilities at the
interface arise and they may form undesired interphases. Such reactions
produce by-products that increase interfacial resistances and give rise to
non-uniform plating/stripping of sodium metal. This leads to a degraded
performance and reduced lifetime of SSSB [7,8].

Wenzel et al. [9] described three possible interphases that can occur
between electrolyte and electrode materials: (1) a “stable interface”
refers to a thermodynamically stable SE and interface without unwanted
parasitic side reactions or interphases, therefore, the resistance does not
increase over time; (2) a “mixed-conducting interphase” relates to solid
electrolyte reduction where both ions and electrons are mobile at the
interface, and (3) a “solid-electrolyte interphase (SEI)” indicates
passivating decomposition products that are ionically conductive but
electronically insulating. Moreover, the authors reported that NasPS, SE
reacts with sodium to form resistive decomposition interphases that
grow over time. Therefore, it was concluded that a protective interlayer
strategy is required.

Interface modifications via “interlayers” play a crucial role to over-
come the above-mentioned interfacial issues and to enhance the cycling
stability. An interlayer is a deliberately introduced thin film coating
between an alkali metal anode and the SE that aims to improve the
wettability of sodium at the interface for a better contact. It reduces the
interfacial resistance, stabilizes and/or prevents parasitic interfacial
reactions, and suppresses the dendrite formation at the interfaces of Na|
SE [10-12].

In general, interlayer materials can be classified into three main
categories. Conversion-type interlayers are based on reactive precursors
such as CuO [7] and SnO, [13,14], which react with alkali metal to form
ionically and electronically conductive interlayers to stabilize sodium
plating/stripping. This process follows the general reaction: MO + 2Na
— NayO + M (M: Post-/transition metal). Secondly, an alloying-type
interlayer can react with the alkali-metal anode (or the plated metal)
to form a metal alloy (or intermetallic compounds) that remains in
intimate contact with the solid electrolyte, enabling uniform metal
plating/stripping. For example, a metallic interlayer on the electrolyte
surface can form a sodium-tin (Na-Sn) alloy during cycling, which
mitigates dendrite penetration and stabilizes the interface [15,16], or a
sodium-gallium (Na-Ga) alloy can be generated by rolling the metal Ga
on Na to improve sodiophilicity [17]. Lastly, a protective-type interlayer

acts primarily as a passive barrier or buffer layer: it remains chemically
and mechanically stable at the interface, suppresses undesired side re-
actions, limits the growth of voids or dendrites at the interface and
maintains good physical contact between alkali metal and solid elec-
trolyte [18,19].

Ducheéne et al. [20] reviewed borohydride materials as an underex-
plored class of SEs, and reported their remarkable cycling stability.
Borohydrides exhibit a unique mechanical deformability that allows
them to wet the sodium metal anode more effectively than rigid ceramic
oxide. Since they provide high stability and ionic conductivity, they can
also serve as an interlayer. When utilized as an interlayer, they can
bridge the gap between a NaSICON electrolyte and the Na metal to
ensure a uniform sodium ion flux with one major drawback: their high
production costs compared with traditional ceramics.

Interlayers can be formed in situ, as demonstrated by Li et al. [21]
where Na-K alloy was formed at the Na|NZSP interface through the
electrochemical migration and reduction of K' from a K-doped
NagZrSioPO;2 electrolyte. Ex situ formation of protective layers on the
surface of the solid electrolyte are also possible via various methods,
such as atomic layer deposition (ALD) [22,23], physical vapor deposi-
tion (PVD) [24], chemical vapor deposition (CVD) [5], pulsed laser
deposition (PLD) [25], or ultrasound solid welding [26,27].

The powder aerosol deposition method (abbrev. PAD or ADM) is a
ceramic powder spraying technique that enables the fabrication of dense
ceramic thin or thick layers at room temperature in short processing
times, without the use of binders, solvents, or post-sintering steps [28,
29]. Its low cost, low-temperature operation, and simple equipment
setup offers major advantages over methods such as ALD and PVD. The
fundamentals of the PAD process have been described elsewhere, e.g., in
Refs. [30,31].

Nazarenus et al. [32] demonstrated that introducing a manually
applied graphite interlayer (with a graphite rod) between PAD fabri-
cated A10.2Li6_025La3Zr1_625Ta0_375012 (ALLZTO) and lithium metal sub-
stantially improves the electrochemical properties. While the polished
as-deposited film showed a critical current density of 670 pA cm™2at
70°C, applying a graphite interlayer enabled cycling up to
1000 pA cm ™2 under identical conditions, with noticeably stable voltage
behavior and reduced voltage peaks.

In this work, we demonstrate for the first time the utilization of
Powder Aerosol Deposition (PAD) method to fabricate CuO conversion-
type interlayers on Na-based (NasZr,SiaPO12 or NZSP) solid electrolytes.
This approach is designed to stabilize plating/stripping behavior at the
Na|SE interface. To evaluate the impact of these PAD interlayers, we use
Electrochemical Impedance Spectroscopy (EIS) to investigate interfacial
resistances within symmetric cell configurations of Na|PAD-CuO|NZSP|
PAD-CuO|Na. Finally, we assess how the PAD-CuO interlayers enhance
the critical current density and long-term cycling stability of NZSP
compared to pristine Na|NZSP|Na cells.

2. Experiment & methods
2.1. Preparation of sintered NZSP solid electrolyte discs

The solid-state synthesis route to obtain NagZr,SisPO;o powders was
carried out according to our previous work [33]. The obtained powder
with the desired NZSP phase was then compacted into cylindrical green
pellets (@13 mm, ~3g each) using a uniaxial hand press (Werk-
stattpresse WPS 10C, Raptor Maschinen, Germany). Each pellet was held
under pressure for 5min at a pressure of ~220 MPa. Sintering was
carried out in alumina crucibles covered with Pt-foil and an alumina-lid
on top. The temperature profile during sintering was set to 2K min ' up
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to 1215°C with a dwell time of 10h at the target temperature, and
subsequent cooling with 1.8 Kmin~! down to 150 °C. The temperature
was held constant at 150 °C until the removal of the sintered NZSP
pellets from the furnace (LHT08/16, Nabertherm GmbH, Germany).

The obtained sintered NZSP pellets (9.3 +£0.13mm in height,
?11.2 mm) were then mounted in a circular saw machine (Accutom-50,
Struers GmbH, Germany) to slice ~500 pm thick NZSP solid electrolyte
discs using a metal-bonded diamond blade (DiaCut005, Cloeren Tech-
nology GmbH, Germany). Demineralized water containing four percent
cooling lubricant additive (Cooli Additive, Struers GmbH, Germany)
was circulated to cool down the blade during the cutting process. The cut
NZSP discs were then collected from the saw machine and immersed in
isopropanol to prevent any progressive reaction between water and
NZSP [34,35]. Prior to polishing, the notch on the NZSP discs from the
cutting process was ground by SiC abrasive paper (FEPA P#1200,
Struers GmbH, Germany) at 50 rpm with demineralized water as me-
dium using a grinding/polishing machine (TegraPol-11, Struers GmbH,
Germany). The NZSP discs were subsequently polished to reduce the
surface roughness on both sides with FEPA P#2000. After the
surface-finish processes, the NZSP discs were again immersed in iso-
propanol and cleaned in an ultrasonic bath (Ultrasonic Cleaner USC-TH,
VWR International GmbH, Germany) to remove residual surface con-
taminants. They were then dried at 80°C for 10 min, measured five
times per disc with a digital caliper to assess the average thickness, and
stored in an argon-filled glovebox until further processing. The final
NZSP discs resulted in a mean thickness of 484.9 +11.8 pm.

2.2. Powder aerosol deposition of interlayers

A custom-made PAD apparatus [31] was used to fabricate thin film
interlayers. For that, copper (II) oxide (CuO, >94%, technical, VWR
International S.A.S) was chosen to be deposited on NZSP SE discs via the
powder aerosol deposition method. The powders were sieved through a
90 pm mesh size and then stored in a drying oven at 200 °C for at least
three days prior to deposition. For each run, the aerosol flask was filled
with 7 g of powder. The powder in the aerosol flask was mixed with
oxygen to create a free-flowing aerosol while shaking the aerosol flask
with the vibration table. The particles inside the aerosol were then
transferred into the deposition chamber, through a converging nozzle
(10 x 0.5 mm?) at high velocities of up to 500 m s~ 1 [31]. The NZSP SE
discs were briefly dry polished using SiC sand paper (FEPA P#2000) to
reveal a fresh surface and further attached to the substrate holder. The
particles hit the NZSP substrates, which moved in the x-y direction at a
constant scan speed, forming thin interlayer coatings layer by layer. The
parameter set to deposit CuO material on NZSP samples is shown in
Table 1.

First, CuO powder was sprayed onto one side of the NZSP disc, and
the same procedure was then applied to the other side. Some of the NZSP
discs coated with CuO interlayers on both sides were subjected to
thermal post-treatment. The annealing temperature (T,n,) was calcu-
lated using the empirical equation (1) derived by Exner et al. [36],
which indicates that Ty, depends on the melting point (Ty,p) of the
powder aerosol deposited material. Considering the Tpp of CuO
(1326 °C), Tann was calculated to be 723 °C, therefore, annealing was
carried out at 720 °C in a muffle furnace with a heating/cooling rate of
5K min~! and a dwell time of 20 min at the target temperature.

Table 1
Powder aerosol deposition parameters for CuO deposition on
NZSP discs.
Parameter Value
Distance (nozzle to substrate) 2mm
Carrier gas 0,
Gas flow 81min !
Scan speed 5mms~!

Journal of Power Sources 688 (2026) 240631

1
Tam = gTmp + 730 K Eq. 1

2.3. Analysis methods

The Archimedes’ principle was employed to determine the density of
sintered NZSP pellets by measuring the mass of the sample in air and in
water at room temperature, using a balance (Sartorius LA 1208, Kit
YDKO1, Sartorius AG, Germany) equipped with a density determination
kit. The density was calculated based on the buoyant force, which is
proportional to the mass of the water displaced by the sample. The
particle size of the CuO powder was measured by laser scattering
(Mastersizer 2000, Malvern Instruments Ltd., UK) prior to the deposition
process. Crystal structure analysis was conducted by X-Ray diffraction
(XRD) to assess whether water-exposed NZSP underwent structural
changes. Diffraction analyses were carried out using Bragg-Brentano
configuration (Bruker D8 Discovery A25, Bruker AXS GmbH, Ger-
many) in 26 range of 10 — 120°, exposure time of 5 s with 0.01° step size
for the synthesized NZSP powder. For the sintered NZSP pellets, the
parameter set was 10 — 55°, 0.75 s with 0.02°, respectively. For the CuO
phase analysis, XRD measurements of both the initial CuO powder and
CuO films deposited on Si wafers (911 orientation) were conducted in
the 260 range of 30 — 70° using an exposure time of 1.5 s and a step size of
0.01°. The cross-section of the powder aerosol deposited CuO interlayers
(PAD-CuO|NZSP) was examined by scanning electron microscopy (SEM,
FEI Quanta FEG 250, ThermoFisher Sci., USA). The PAD-CuO|NZSP
discs were manually broken in half and analyzed in SEM from the
emerged cross-sections. Surface roughness of NZSP discs with and
without interlayers was determined by stylus profilometry (Waveline
W20, Jenoptik, Germany) according to DIN EN ISO 4287:1998 standard
to determine the average roughness R, and the average maximum height
of the profile R,.

X-ray photoelectron spectroscopy (XPS) spectra of the samples were
recorded using a Versa Probe III XPS Microprobe (Physical Electronics
PHI, Japan) equipped with a monochromatic Al Ka X-ray source
(1486.6 eV) and operated with the SmartSoft-VP software. XPS survey
scans and core-level spectra were obtained with constant pass energies
of 280 eV and 26 eV, respectively. The XPS data were processed using
CasaXPS, while the binding energies of all core-level spectra were cali-
brated using the C 1s peak at 284.8 eV as a reference.

The ionic conductivity of pristine NZSP discs (~500pm) was
measured by electrochemical impedance spectroscopy (EIS, Alpha-A,
Novocontrol Tech. GmbH & Co. KG, Germany) applying gold ion-
blocking electrodes (~200 nm thickness, ~@9 mm) sputtered on both
sides of the NZSP discs. The sputtered NZSP discs were then packed into
pouch cells in a glovebox with an Al contact placed on top of the gold
layers as explained in Ref. [37]. A clamp was attached to the pouch cells
to provide a better contact between electrode and the current collectors.
EIS was conducted in a frequency range from 1 MHz to 1 Hz at various
temperatures (—10, 0, 10, 20, and 70 °C) applying a voltage amplitude
of 50 mV with 10 steps per decade.

Time-resolved impedance spectroscopy (TR-EIS) was performed at
room temperature for Na|NZSP|Na and Na|PAD-CuO|NZSP|PAD-CuO|
Na configurations in electrochemical test cells (PAT-Cell, EL-Cell
GmbH, Germany) inserted in a docking station (PAT-Stand-1, EL-Cell,
Germany) using a Novocontrol impedance analyzer. TR-EIS measure-
ment parameters were 1 MHz to 0.1 Hz and 50 mV for the frequency
range and the voltage amplitude, respectively.

Configuration-wise, two types of symmetric cells were assembled for
galvanostatic cycling: without an interlayer (Na|NZSP|Na), and with
powder aerosol deposited interlayers (Na|PAD-CuO|NZSP|PAD-CuO|
Na). The cells of NZSP discs with annealed CuO interlayers are desig-
nated with {a} (Na|PAD-CuO{a}|NZSP|PAD-CuO{a}|Na). For the sake
of clarity, all abbreviations are listed below in Table 2.

Sodium metal (99.9%, Sigma Aldrich) was prepared from sodium
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Table 2

Symmetric cell configurations in this study. {a} denotes an NZSP disc with
powder aerosol deposited CuO interlayers on both sides that were additionally
annealed.

Symmetric cell configuration Abbreviation
Na|NZSP|Na Na@NZSP
Na|PAD-CuO|NZSP|PAD-CuO|Na CuO@NZSP
Na|PAD-CuO{a}|NZSP|PAD-CuO{a}|Na CuO{a}@NZSP

cubes by removing the oxide layer on the surfaces using a scalpel, and
then rolled in between low-density polyethylene (LDPE) foils to a
thickness of ~0.5 mm. The circular electrodes (¥4 mm) were punched
from the sodium metal foil and attached to both sides of NZSP discs to
fabricate the above-mentioned symmetric cell configurations. The Na
electrode diameter was enlarged because of pressure inside the PAT cell
and heat in the climate chamber and determined to be ~6.5 mm in post-
mortem analysis upon cell disassembly (which corresponds to an area of
~0.33 cm?). Based on the thickness of cell stack (~0.6 mm — Na|NZSP|
Na), a stack pressure of 1.34 MPa in the PAT-Cell setup was calculated
using the equation provided by the manufacturer [38].

All the electrochemical test cells were cycled in PAT-Cells in a
climate chamber operated at 30 °C or 70 °C, inserted in the docking
station (PAT-Stand-4) and connected to PAT-Channel-1 (galvanostat/
potentiostat/EIS analyzer) controlled by PAT-Controller-8 unit. The
schemes of the galvanostatic cycling protocols are shown in Figure S-1 in
the Supporting Information. The protocols started after the initial 4 h
waiting time in the climate chamber to achieve a steady state. Poten-
tiostatic electrochemical impedance spectroscopy (PEIS) was performed
at the end of the initial waiting time.

The critical current densities (jocp) of symmetric cell configurations
were determined by staircase galvanostatic plating/stripping protocols
(Figure S-1a). The cells were cycled in a current range from 20 pA to
2960 pA with gradually increasing current density (Table 3). A constant
current was applied in both directions for 10 min with a relaxation
period of 2 min after each constant current step, following a PEIS step at
the end of each full cycle.

Galvanostatic long-term cycling stability tests (Figure S-1b) were
performed by applying 20 min of constant current (CC) in each direction
for plating/stripping with 5 min relaxation after each CC step, followed
by a PEIS step at the end of each full cycle. The protocol includes 135 full
cycles, which corresponds to ~5.25 days of cycling duration. The same
protocol was applied for approx. 10 days to test the cycling stability of
the annealed PAD-CuO interlayer (CuO{a}@NZSP) under practical
operating conditions (30°C) in the extended long-term cycling
experiment.

3. Results & discussion
3.1. Characterization of NZSP solid electrolyte

Crystal structures of sintered NZSP SE discs before and after the
cutting process with water, as well as the powder utilized to produce
NZSP discs were investigated by X-ray diffraction analysis as shown in
Figure S-2 in the Supporting Information. The desired phases were
confirmed in the synthesized powders based on the position of the

Table 3
Staircase galvanostatic cycling protocol to determine the critical current density

(cep)-

2

Current range/pA Step Size/pA Corresponding current density(")/mA cm ™
20 to 160 10 0.06 to 0.48
180 to 460 20 0.54 to 1.38
510 to 2960 50 1.54 to 8.92

@ Calculated based on a corresponding sodium metal electrode area
(~96.5mm, ~0.33 cm?).
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reflections and the relative intensities. Minor reflections corresponding
to ZrOy were detected, indicating the secondary phase. The secondary
phase is attributed to residual, unreacted ZrO,, as a result of decom-
position/volatilization of Na and P containing species, which lead to
ZrO, segregation at the grain boundaries during sintering [39,40]. The
crystal structure was preserved after sintering of NZSP pellets. More-
over, the water-cut NZSP discs did not show additional reflections,
meaning that no significant reaction occurs in NZSP when it is briefly
exposed to water [35,41].

The NZSP SE powders prior to the sintering process exhibit a bimodal
particle size distribution, with a small fraction of particles larger than
10 pm. Milling the NZSP SE powder for 8 h resulted in a D5 value of
~1.7 pm. The particle size distribution of CuO powder is also bimodal
with a significant fraction of larger particles with a Dso value of
~11.5 pm (see Supporting Information, Figure S-3).

The relative density of sintered NZSP pellets is 98% measured by the
Archimedes method using water as the liquid medium. The theoretical
density value of 3.27gcnf3 [42] was taken for NaszZr,SioPOps to
calculate the relative density.

Surface roughness values of sintered NZSP pellets and after each
process step (cutting, grinding, and polishing) were measured using a
stylus profilometer. After polishing the NZSP discs with 10 pm SiC
sandpaper, the surface roughness decreased to R~ 0.12 £+ 0.02 pm and
R;~1.36+0.32pm, compared to Rq~0.64+0.13ym and
R,~5.08 £ 0.86 ym for the as-fired NZSP pellets (see Supporting In-
formation, Figure S-4).

Total resistance (Riota]) Values of the NZSP discs were investigated
using impedance spectroscopy at —10, 0, 10, 20, and 70°C. The
impedance spectra were evaluated using different equivalent circuits
depending on the distinguishable processes at different temperatures
(Supporting Information, Figure S-5 and Table S-1). At low temperatures
(—10 to 20°C), the spectra exhibit separable bulk and grain-boundary
contributions. The data were accordingly fitted using an equivalent
circuit consisting of Rpyik, Rgb||CPEgp, and a low-frequency polarization
related constant phase element (CPE,1). An inductive element (L1) was
included when necessary to elucidate instrumental or wiring-related
inductive contributions. At 70°C, the characteristic frequencies shift
to higher values and the bulk and grain-boundary responses overlap
within the measured frequency range, therefore a reliable separation of
the two individual processes is no longer possible. For this reason, a
simplified model containing Ria1 and CPEp, was used. The use of
constant phase elements instead of ideal capacitors accounts for the non-
ideal response, which may be caused by inhomogeneity and porosity in
solid electrolyte and non-uniform interfacial contact at the interfaces
[43].

The ionic conductivities of NZSP discs were calculated in an Au|
NZSP|Au setup according to equation (2) using the thickness of the NZSP
disc (dgisc), the area of the gold electrode (Aay), and the total resistance
(Riota) Which is the sum of bulk resistances (Rpyx) and grain-boundary
resistances (Rgp).

ddisc

Eq. 2
Rtotal : AAu d

Oion =

The calculated ionic conductivity of NZSP SE discs depending on the
measurement temperature are shown in the Supporting Information,
Figure S-6a. An ionic conductivity of 9.5-10%S cm ™! at ambient tem-
perature and 5.5-107>S cm ™! at 70 °C were achieved for NZSP SE discs.
An activation energy of ~0.3 £ 0.03 eV for NZSP SE discs was calculated
from the Arrhenius plot (Figure S-6b).

3.2. Critical current density of Na@NZSP symmetric cells

The critical current densities (jocp) of symmetrical cells without in-
terlayers (Na@NZSP) were evaluated using a staircase galvanostatic
cycling protocol at 70 °C with an internal stack pressure of ~1.34 MPa.
In total, six cells were assembled in symmetric cell configuration
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without interlayer. They were designated as Na@NZSP-C1 to C6. Fig. 1a
shows the cycling of Na@NZSP-C1. During the plating/stripping half-
cycles in both directions, up to current densities of 0.54 mA cm 2,
slight drops were observed in the overvoltage. In the positive over-
voltage half-cycle, these drops indicate the onset of dendrite formation,
while in the negative overvoltage half-cycle, the drops suggest a contact
loss at the Na|NZSP interface [7]. With the increasing current density,
decrease in the overvoltage drops in each positive (upper) half-cycle gets
more pronounced, showing the insufficient creepage and diffusion of
sodium metal to refill the voids formed at the interface due to poor
wettability of the NZSP SE [5,6]. This is a major issue that limits the
performance of solid-state batteries with metal electrodes [10,44].
Temperature and stack pressure applied to the cells play an important
role in this problem and influence the contact at the interface of metal
electrode and solid electrolyte [44,45]. Dendrite-induced voltage drops
are noticeable after 11.2h of cycling in Fig. 1b. The overvoltage de-
creases from 27.4 to 26.7 mV after 5min of plating/stripping in one
direction, followed by a slight increase to 27.5mV until the end of
constant current step. Formation of sodium metal dendrites can be
related to those overvoltage drops, which reduced the internal cell
resistance by partly shorting the cell [46,47]. A sudden drop from 64.7
to 0.8 mV at the current density of 1.08 mA cm ™2 indicates a short circuit
due to sodium metal dendrites connecting metal electrodes all along the
NZSP SE [47].

The remaining cells (Na@NZSP-C2 to C5) were examined using the
same cycling procedure and they all exhibited different critical current
densities of (C2) 2.74mAcm 2 (C3) did not short-circuit up to
4.4mA cm~?, (C4) 1.38 mA cm 2, and (C5) 3.94 mA cm 2, respectively.
The critical current density plot of the cells C2 to C5 can be seen in the
Supporting Information, Figure S-7. EIS data collected from the cycling
procedure were examined to elucidate the difference in critical current
densities of these cells. Nyquist plots of the cells Na@NZSP-C1 to C3 are
shown in the Supporting Information, Figure S-8, each derived after
applying specific current densities. The high-frequency intercept of the
spectra is attributed to the total resistance of NZSP SE (Rpuix + gb)- The
interfacial resistance (2Rjy) is modelled in parallel with a constant
phase element (CPEj,) to describe the non-ideal capacitive behavior at
the Na|NZSP SE interface. Therefore, the depressed semicircles observed
at 0.1 MHz to ~793 Hz are attributed to an interfacial resistance (2Rjn| |
CPE;,) [48]. In symmetric cell configuration, the interfacial resistance is
represented as 2Rj,; since metal electrodes are placed on both sides of
the solid electrolyte and their contribution to the interfacial resistance
can be considered as equal [5,14]. In Figure S-8a, the total resistance
(Rpulk + gb + 2Riny) of the cell Na@NZSP-C1 is measured to be 164.3 Q at
0.06 mA cm 2. The total resistance continuously decreases at each
subsequent cycle until the cell is shorted at a jocp of 1.08 mA cm™2. The
cell Na@NZSP-C2 in Figure S-8b exhibits a slight increase in total
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resistance at the jccp of 0.18 mA em ™2, and then the resistance decreases
similar to the cell C1. In contrast to cells C1 and C2, the cell
Na@NZSP-C3 Figure S-8c shows a slight decrease in total resistance at
the jccp of 0.18 mA cm 2, following a continuous increase in resistance
at each subsequent current density step without a short at the end of the
jcep of 4.4 mA cm™2. Therefore, a significant discrepancy was observed
in total resistance and critical current density values between the three
cells.

In Fig. 2, the calculated resistance values from the impedance mea-
surements above are plotted as a function of the applied current density
after the first and every fifth applied current density step, including the
resistance value at the critical current density step just before the short.
Fig. 2a shows the sum of bulk and grain boundary resistances of the cells
Na@NZSP-C1 to C5. It can be seen that the Rpyk 4 gb resistances remain
constant through the course of cycling for all the cells except cell C2,
which exhibits a slightly decreasing Rypuik + gb, Which can be attributed to
excessive dendrite growth and break-up. For the cells C2 to C5, the Rpyk
+ gb value is between 34 Q and 40 Q at the beginning. Contrary to cells
C2 to C5, cell C1 shows a higher initial Ryyik + gb value of 55.2 Q, which
is stable until the cell is shorted. The slightly higher Rpyix + gb resistance
of cell C1 compared to cells C2 to C5 can be explained by the micro-
structural aspects such as the distributions of inhomogeneity (impu-
rities, closed porosity) of the sintered NZSP SE discs [49].

The interfacial resistances (2R;n;) extracted from fitted EIS data of the
cells Na@NZSP-C1 to C5 are shown in Fig. 2b as a function of the applied
current density (j). As can be seen, the higher the interfacial resistance,
the lower the critical current density of the NZSP SE discs. Cells C1 and
C4 exhibit high interfacial resistances of ~100 Q and ~150 Q, respec-
tively. Consequently, cell failure occurs when low currents are applied.
Cells C3 and C5 with lower interfacial resistances between ~25Q and
~75 Q can withstand higher applied current densities. Cell C3 with the
lowest initial interfacial resistance of ~25 Q survived until the end of the
galvanostatic staircase plating/stripping procedure up to 4.5mA cm 2.
Cell C2 exhibits a jocp 0f~2.74 mA em™2, however 2R;, of C2 is not
stable due to severe dendrite formation.

To explain why the interfacial resistances vary significantly, one
needs to consider the time elapsed between cell assembly and the start of
cycling. While some cells were cycled right after the assembly in PAT-
Cells, the others were left at open-circuit conditions after the assembly
up to four days due to the unavailability of the cell cyclers. The open-
circuit conditions may have caused degradation of the NZSP SE in-
terfaces when brought in contact with sodium metal electrodes, as for
instance reported in Ref. [50]. Zhang et al. [4] reported that at
open-circuit conditions for symmetric cells (0V vs. Na™/Na), NasZr,.
SioPO;5 undergoes an irreversible reduction in the presence of sodium.
Therefore, decomposition products that exhibit a lower ionic conduc-
tivity compared to NZSP formed at the Na|NZSP SE interface.
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Fig. 1. Staircase galvanostatic cycling of Na@NZSP-C1; a) total cycling profile, b) zoomed in timeslots to display overvoltage responses. The black lines show the
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Fig. 2. Resistance values from fitted data as a function of applied current density in symmetric cells Na@NZSP-C1 to C5, a) Bulk + grain boundary resistances, b)
Interface resistances. The straight lines between the data points are for the eye guidance.

Sodium-ion transport across the interface would then be impeded [10].

Furthermore, time resolved impedance spectroscopy (TR-EIS) was
used to validate the interfacial degradation of Na@NZSP symmetric cells
over time. Fig. 3a shows the evolution of the impedance spectra of the
cell Na@NZSP-C6 over 19 days at room temperature. The impedance
spectra were analyzed using the equivalent circuit shown in Fig. 3a. The
high-frequency intercept on the real axis was assigned to the bulk
resistance of the NZSP pellet (Rpyk). The depressed semicircle in the
high-frequency region was attributed to the grain boundary contribution
and modelled by Rgp, in parallel with a constant phase element (CPEgp,)
[48]. The larger depressed semicircle at intermediate frequencies was
assigned to the total interfacial resistance of the two Na|NZSP interfaces
(2Rino) and fitted using Rint||CPEy. Constant phase elements were used
instead of ideal capacitors to account for the non-ideal response of the
system, which arises from surface heterogeneity and non-uniform
interfacial contact. This equivalent circuit provided the most physi-
cally meaningful description in the measured frequency range. The
fitting results show that the bulk and grain-boundary resistance remain
nearly unchanged during open-circuit conditions, whereas the interfa-
cial contribution increases over time. Specifically, the total interfacial
resistance increased from 2480 Q for the freshly assembled cell to
8126.5 Q after 19 days at open-circuit conditions. This is an indication of
the formation of poorly conductive interphases at the interface of Na|
NZSP SE and the assignment of the individual processes was based on
their characteristic frequency ranges, consistent with previous reports
[4,10].

The discrepancy in the varying critical current densities of the
different cells can be understood based on the TR-EIS experiment, as it
was revealed that interfacial resistance increases over time. With regard
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to the time elapsed after cell assembly at open-circuit conditions, cells
may exhibit different interfacial resistances (Fig. 3b) due to the different
degrees of degradation at the Na|NZSP interface [8,9]. As prolonged
resting was found to lead to progressive interfacial degradation,
affecting the measured critical current density, all forthcoming
CuO@NZSP and CuO{a}@NZSP symmetric cell measurements were
performed immediately after assembly to ensure reproducibility and a
fair comparison between different cell configurations.

3.3. Critical current density of CUO@NZSP symmetric cells

Interlayers of CuO on both sides of NZSP SE discs were fabricated by
powder aerosol deposition. The cross-sectional and the top-view SEM
images of the CuO interlayer are shown in Fig. 4. The interlayers appear
to be dense and well adhered to the NZSP SE with a thickness of approx.
650 nm. The uniform, but crater-like [51] surface morphology, as it is
typical for aerosol deposition, can be observed from the top-view SEM
images. The surface roughness of the CuO interlayers increased from
R;~0.1+0.03pm and R,~0.66 + 0.3 pm to Ry~ 0.17 + 0.02 pm and
R, =~ 1.65 + 0.29 ym after tempering the PAD-CuO layers. The interlayer
thickness remained unchanged, indicating that roughening is primarily
due to the grain growth during annealing [36] (see Supporting Infor-
mation, Figure S-9).

CuO serves as a conversion-type interlayer material according to the

following reaction [7]:
CuO +2Na < Cu + Na,O Eq. 3

The same galvanostatic staircase cycling procedure was applied to
the symmetric cells with as-deposited and annealed CuO interlayers. The
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Fig. 3. a) TR-EIS of the cell Na@NZSP-C6. The impedance spectra were recorded under open-circuit conditions at RT (the straight lines represent the fit to the data),
b) separated resistance values (2Rin; and Rpyik + gb) from fitted data, where the black line is for the eye guidance.
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Fig. 4. SEM images of powder aerosol deposited CuO interlayers on NZSP SE in the as-deposited and annealed states, where (a, c) cross-section and (b, d) top-view.

galvanostatic cycling results of as-deposited CuUO@NZSP-C1 are shown contact loss occurs more slowly compared to NZSP without interlayer
in Fig. 5a. A critical current density of 5.0 mA cm ™2 was achieved with (Fig. 1a). A sudden overvoltage drop was observed at 27.7 h of plating/
an as-deposited CuO interlayer without any indication of severe contact stripping. It can be attributed to sodium dendrite formation and growth
loss in the overvoltage-time plot. Overvoltage slightly increases within [47]. On the other hand, gradually increasing overvoltages during
each half cycle during both plating and stripping, indicating that the constant current steps for both half cycles refer to progressive contact
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Fig. 5. Galvanostatic cycling of a) CuO@NZSP-C1 (as-deposited PAD interlayer), and b) CuO{a} @NZSP-C4 (annealed PAD interlayer) at gradually increasing current
densities. Scaling was kept constant for comparability. c) Stylus-profilometer profile of the PAD-CuO film on a silicon (Si) wafer. The inset image shows the PAD-
deposited CuO on a Si-wafer (911 orientation), d) X-ray diffraction analysis of the initial powder, the PAD-CuO film in its as-deposited state, and the PAD-CuO film
after annealing. The reflections marked with “4p” belong to the impurity byproducts. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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loss [46,47]. The other two symmetric cells with as-deposited CuO in-
terlayers (CuO@NZSP-C2 and C3) exhibited critical current densities of
5.75mA cm 2, and 5.3 mA cm 2, respectively, showing the reproduc-
ibility of results obtained from powder aerosol deposited CuO in-
terlayers on NZSP SE (Supporting Information, Figure S-10).

Fig. 5b shows data of the galvanostatic staircase cycling of CuO{a}
@NZSP-C4 SE with annealed CuO interlayers. A critical current den-
sity of 7.4 mA cm ™2 was reached with thermally post-treated CuO in-
terlayers on NZSP SE. In addition, it is observed that this configuration
exhibits a lower overvoltage at each half-cycle in comparison to the as-
deposited CuO interlayers in Fig. 5a. Therefore, the critical current
density of NZSP SE can be further improved by a thermal post-treatment
of PAD-CuO interlayers. Exner et al. [36,52] reported that functional
properties (e.g. ionic and electronic conductivity) of powder aerosol
deposited ceramic layers can be improved by releasing the microstrain
in PAD layers (induced from the deposition process) by thermal
post-treatment. The further increase in jccp of NZSP SE with annealed
CuO interlayers can therefore be explained by the release of microstrain
in the PAD-CuO interlayers. An additional cell with the same configu-
ration (CuO{a}@NZSP-C5) showed a jccp of 7.1 mA c¢m~2 demon-
strating the reproducibility of the annealing process (Supporting
Information, Figure S-11).

To further elucidate the effect of annealing on the PAD-deposited
CuO interlayer, additional structural characterization was performed
using X-ray diffraction. Since the CuO layer deposited on NZSP is rela-
tively thin (~650 nm), its reflections are dominated by the underlying
bulk-NZSP substrate and cannot be clearly distinguished. Therefore,
CuO films were deposited on Si wafers (911 orientation) to enable
reliable structural analysis (Fig. 5¢). The as-deposited CuO film exhibits

Journal of Power Sources 688 (2026) 240631

nanocrystalline structure with increased microstrain. This observation is
consistent with the characteristic mechanism of powder aerosol depo-
sition, where particles impact the substrate at high velocity and undergo
fragmentation, resulting in dense films composed of nanocrystallites.
Rietveld refinement (Supporting Information, Figure S-12 & Table S-2 to
S-5) reveals that the initial CuO powder possesses a crystallite size of
approx. 88nm with negligible microstrain (0.13%), whereas the as-
deposited film shows a significantly reduced crystallite size of ~8 nm
and increased microstrain (~1%). Upon annealing in ambient air at
720 °C (with a heating/cooling rate of 5 K min~!, dwell time of 20 min),
the reflections became significantly sharper, indicating crystallite
growth and the relaxation of internal strain. Additional reflections were
observed in the annealed PAD-CuO at 26 positions of 33.2°, 37.9°, 39.1°
and 54.6°, which may possibly belong to byproducts that emerged as a
result of copper diffusion onto the silicon wafer according to Cu-O-Si
system [53], which we could not fully resolve these reflections. Riet-
veld analysis confirms an increase in crystallite size to ~450 nm
accompanied by a substantial reduction in microstrain. This micro-
structural evolution is expected to improve the structural integrity and
interfacial contact of the CuO interlayer, which is consistent with the
enhanced electrochemical performance and stable interfacial behavior
observed for the annealed CuO{a}@NZSP samples.

The EIS data collected during the galvanostatic cycling of
CuO@NZSP-C1 (Fig. 5a) were analyzed to separate the interfacial
contribution from the bulk and grain boundary resistance of the cell. The
same equivalent circuit as shown in Fig. 3a was used for fitting, and the
corresponding impedance spectra are provided in the Supporting In-
formation (Figure S-13). In this equivalent circuit, the high-frequency
real-axis intercept together with the first depressed semicircle was
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¢b), whereas the second semicircle at lower frequencies, modelled by
Rint||CPE, was attributed to the total interfacial resistance contribution
(2Riny)- The assignment of the low-frequency semicircle to the interfacial
process is also consistent with previous literature [7]. The resistance
contributions, as extracted from fitted EIS data, are shown in Fig. 6. The
Rpulk + gb resistances for all three cycled cells are in good agreement with
each other and also with those of the cells without interlayer (Fig. 2a),
remaining almost constant throughout the experiment in the range of
approx. 30-40Q as shown in Fig. 6a. In contrast, the interfacial re-
sistances (2Rjy;, Fig. 6b) vary in the range of 20-30 Q, presumably due to
ongoing interfacial reactions during the EIS measurements, but remain
lower than in the corresponding symmetric cells without interlayer
(Na@NZSP-C1 to C3). Furthermore, unlike the pristine Na@NZSP cells,
in which the second semicircle continuously increases over time, the
semicircle at the low frequencies attributed to the total interfacial
resistance (2Rjny) in CuUO@NZSP cells remains comparatively stable even
with increasing applied current density. This indicates that the PAD-CuO
interlayer primarily reduces and stabilizes the Na|NZSP interfacial
resistance, while the bulk and grain boundary transport in the NZSP
electrolyte remain constant. Consequently, the reduced interfacial re-
sistances in symmetric cells containing PAD-CuO interlayer lead to
higher critical current densities for NZSP. Moreover, the in situ con-
version of CuO into Cu and NayO is proposed to form a porous, mixed
electronic/ionic conductive interphase at the Na|NZSP SE interface
during cycling, which improves sodium metal stripping and plating as, e.
g., explained by Miao et al. [7]. Post-mortem analyses of the cycled
CuO@NZSP symmetric cells showed that CuO-PAD interlayers exhibit a
porous morphology, and that the products (Cu + NayO) resulted from
the conversion of CuO at the interface can easily be wiped off from the
NZSP SE surface (see Supporting Information, Figure S-14).

To reveal the conversion-reaction mechanism occurring at the PAD-
CuO interface, X-ray photoelectron spectroscopy (XPS) was used to
analyze CuO{a}@NZSP samples before and after sodium plating. Fig. 6¢
shows the high-resolution XPS spectrum (see Supporting Information,
Table S-6 & S-7 for fitting results). The high-resolution Cu 2p spectrum
exhibits Cu 2ps,, and Cu 2p;,» peaks at 933.58 eV and 953.33 eV,
respectively, consistent with Cu?>* and thus with PAD-CuO interlayer.
An impurity phase of CupO was also observed at around 932.19 eV and
951.94 eV [54], indicating that the oxide layer contains copper in a
mixed valence state. Two sets of shake-up satellites were also observed
at 934.00 eV (S1), 940.01 eV (S2), 941.27 eV (S3), 943.15eV (S4) and
954.15 eV (S5), 960.41 eV (S6), 961.41 eV (S7), and 962.15 eV (S8) and
they were fitted as reported by Torres-Ochao et al. [54]. After sodium
plating/stripping, all Cu peaks decreased in intensity, and new Cu spe-
cies emerged at lower binding energy with a narrower full width at half
maximum (FWHM). This suggests the formation of metallic copper.
Therefore, this result can be interpreted as evidence of a
conversion-reaction mechanism for the PAD-CuO interlayer when it is in
contact with Na metal at the Na|NZSP interface. However, because the
binding energies of Cu® and Cu® are very similar (932.02eV and
932.18 eV, respectively), it is difficult to distinguish between residual
Cu20 and metallic copper in the spectrum [7].

The time-resolved impedance spectra were collected for the
CuO@NZSP and CuO{a}@NZSP symmetric cells up to 455h and 305 h,
respectively. The TR-EIS spectra of the NZSP symmetric cell with as-
deposited PAD-CuO interlayers (CuO@NZSP) are shown in the Sup-
porting Information, Figure S-15a. The impedance response of freshly
assembled cell shows a loop that turns inward instead of the usual
semicircle or arcs. This kind of behavior may indicate that the system is
not at steady state. Diffusion processes may be responsible for the in-
ward curl at the low frequencies during interfacial changes while so-
dium reacts in presence of a conversion type interlayer. This
phenomenon often happens when the electrochemical reactions are
coupled by the formation of intermediate species absorbed on the
electrode surface [55]. Post-mortem analyses of PAD-CuO interlayers
with porous morphology after cycling support this hypothesis. In the
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following hours of TR-EIS analysis, the impedance response shows
reduced resistances from corresponding mid-frequency semicircle
attributed to the interfacial resistance (2R;j,) and over the time, the
interfacial resistance exhibits stable behavior. Especially, in comparison
to the TR-EIS of bare NZSP symmetric cell (Na@NZSP-C6 in Fig. 3a),
semicircles attributed to the interfacial resistance do not expand over
time, which would indicate increasing resistances, but in contrast, the
interfacial resistances slightly decrease over time (Figure S-15b) to
resistance values of less than 1kQ. Therefore, this result shows that
powder aerosol deposited CuO interlayers reduce the interfacial resis-
tance and prevent further degradation between sodium and NZSP SE.

The TR-EIS results of annealed PAD-CuO interlayers (CuO{a}
@NZSP) show a similar trend, with only one semicircle followed by
diffusion-limited behavior at low frequencies (see Supporting Informa-
tion, Figure S-16).

Electrochemical impedance spectroscopy (EIS) is widely used to
assess interfacial resistance in symmetric solid-state cells, as it isolates
the behavior of a single electrolyte/metal interface without contribu-
tions from a dissimilar counter electrode [45,56]. While Zhang et al.
[48] define the interfacial resistance (Rjy) as the transport resistance
across the electrode interface, distinct from the charge-transfer resis-
tance (R.y), other studies interpret Ri,; more broadly. Kasemchainan
et al. [57] and Yang et al. [6] describe it as the combined impedance of
the solid-electrolyte interphase (Rgsgy), which includes degradation
products and intermediate phases [58], together with R.. Under this
framework, the Rj,; defined by Zhang et al. [48] corresponds to the Rggg
component described above. Krauskopf et al. [59] further emphasized
that interfacial resistance should encompass all impedance contribu-
tions arising from the interfacial region. In NZSP interlayer studies, this
value is often reported as the total Rj,; of the symmetric cell without
dividing by two [6,7,60]1, underscoring its use as an umbrella term. We
used the term “interfacial resistance” to express the resistance contri-
butions from both interfaces (2Rjn¢) in the symmetric cell configurations
tested in this study. The variability in definitions across the literature
highlights the need to explicitly state the chosen interpretation and
modelling approach when evaluating interfacial resistance in solid-state
systems.

In Fig. 7, the interfacial resistance contributions obtained from the
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Fig. 7. Interfacial resistances of Na@NZSP, CuUO@NZSP, and CuO{a}@NZSP as
a function of critical current density (jccp). The data follow an inverse relation
described by R = a/j as dashed red-curve, consistent with relationship R = (1/j)
(U/A) with A being the electrode area, a voltage (U). (For interpretation of the
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impedance spectra collected at the current density immediately before
the onset of overvoltage collapse (which corresponds to the critical
current density) are plotted as a function of the critical current density
(jicep)- The experimental data points follow an inverse dependence that
is well described by the fitted model ch% (red-line in Fig. 7) according to

equation (4) below (see the Supporting Information for the derivation of
the equation), where U is the voltage, A is the area, j is the current
density, and R is the resistance:

Eq. 4

The alignment of the interfacial resistance data with the nonlinear
expression R = a/j in Fig. 7 suggests enhanced Na wetting and uniform
plating/stripping, leading to reduced overvoltages across a wide range
of current densities. The best-fit parameter calculated to be
a=137.8QmAcm 2, indicating that polarization resistance scales
inversely with current density and is regulated by the area-normalized
voltage drop (U/A). An interfacial resistance barrier can be calculated
back from the parameter a, using the area A of 0.33 cm?, which yields
~45 Q, which can be attributed to an interfacial resistance barrier to
sustain relatively smooth Na plating/stripping process.

3.4. Galvanostatic long-term cycling of the symmetric cells with and
without interlayers

The plating/stripping stability of NZSP SE discs was tested with the
long-term cycling procedure at current densities of 0.1 mA cm™ 2 and
0.3mAcm™ 2. Fig. 8a—c shows long-term plating/stripping data ob-
tained at 0.1 mA cm ™2 of the symmetric cells Na@NZSP, CutO@NZSP,
and CuO{a}@NZSP, respectively. The overvoltage gradually increases
from 3.2mV to 5.1 mV in the Na@NZSP cell without the interlayer
(Fig. 8a), indicating interfacial degradation throughout the cycling [61].
In contrast, the cell CuO@NZSP exhibits initially a higher overvoltage,
which decreases progressively from 62 mV to 6.5 mV. This high voltage
at the initial cycles can be attributed to the conversion reaction (equa-
tion (3)) [7], that forms a mixed electron/ion conduction interphase that
improves sodium ion transport across the Na|NZSP interface. Therefore,
this process can be regarded as an interfacial activation [6] of the Na|
PAD-CuO|NZSP interface. Plating/stripping is highly stable in the
annealed symmetric cell of CuO{a}@NZSP, exhibiting a low overvoltage
of ~2mV at a current density of 0.1 mA cm ™2 (Fig. 8c). Remarkably, this
annealed cell shows the lowest overvoltage of ~2mV and this value

30 30
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remains constant from the beginning to the end of the experiment after
130h. Fig. 8d displays all three symmetric cell configurations that
cycled at 0.1 mA cm™2 in a zoomed-in range (110 to 120 h of cycling) to
better illustrate the overvoltage responses in half cycles in both current
directions. At a higher current density of 0.3 mA cm ™2 (Fig. 8e—g), the
effect of the PAD-CuO interlayer on the reduction of the interfacial
resistance becomes even more pronounced. While the overvoltage dur-
ing the cycling of Na@NZSP without interlayer increases from 15.1 mV
to 25.4mV (Fig. 8e), the CuO@NZSP cell exhibits an overvoltage of
10.2mV at the end of the cycling procedure (Fig. 8f). Moreover,
annealed PAD interlayers (CuO{a}NZSP, Fig. 8g) yield highly stable
plating/stripping leading to only ~5.7 mV overvoltage in the course of
plating/stripping at the current density of 0.3 mA cm™2. This value is
roughly three times higher than the ~2mV overpotential observed at
0.1 mAcm 2

To assess the functionality of the PAD-CuO interlayer at practical
operating conditions, an additional long-term plating/stripping experi-
ment was conducted using the annealed PAD-CuO sample (CuO{a}
@NZSP) at 30 °C and a current density of 0.3 mA cm ™2 for over ten days.
Fig. 8h shows a direct comparison of CuO{a}@NZSP samples cycled at
30°C and 70 °C. The light green data points represent the sample cycled
at 70°C, while the dark cyan long-term cycling data represents the
sample cycled at 30°C. Even at 30 °C, the cell still exhibited highly
stable plating/stripping behavior over 10 days of cycling. Initial over-
voltage response was approx. 18 mV and remained almost constant at
17.5 mV throughout the cycling procedure. The zoomed-in overvoltage
response for these samples is shown in the Supporting Information
(Figure S-17). This result indicates the beneficial effect of the annealed
PAD-CuO interlayers under practical operating conditions.

4. Conclusions

This work demonstrates that powder aerosol deposition enables the
fabrication of dense ceramic interlayers directly onto NagZrySisPOqo
solid electrolyte surfaces at room temperature without the need for
solvents, binders, or high-temperature processing. We provide a prom-
ising PAD route towards scalable interphase engineering for SSSBs.

Symmetric Na@NZSP (Na|NZSP|Na) cells without an interlayer
exhibited progressive interfacial degradation, revealed by TR-EIS mea-
surements, which showed a continuous increase in interfacial resistance
over time under open-circuit conditions. Therefore, the instability of the
Na|NZSP interface contact was confirmed along with declining critical
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Fig. 8. Galvanostatic long-term Na plating/stripping of symmetric cells at constant current density. a) Na@NZSP, b) CuO@NZSP, and c) CuO{a}@NZSP cycled at
0.1 mA cm 2. d) Enlarged timeslot from 110 to 120 h to compare the overvoltage responses of the three cell configurations shown. e) Na@NZSP, f) CutO@NZSP, and
g) CuO{a}@NZSP cycled at 0.3 mA cm 2 h) Comparison of CuO{a}@NZSP cycled at 70 °C (for ~5 days) and 30 °C (for ~10 days) at 0.3 mA cm 2.
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current densities during galvanostatic cycling. The CuO interlayers with
a thickness of approximately 650 nm were successfully deposited by
PAD on both sides of NZSP SE. Highly effective interfaces were obtained
by the conversion of CuO into a mixedelectronic/ionic conducting Cu +
NayO interphase, confirmed by XPS analysis, enabling significantly
reduced interfacial resistances and enhanced critical current densities
up to 7.4mA cm 2 when thermally post-treated. The interfacial resis-
tance values were found to follow an inverse relationship with the
critical current density of NZSP SE, Rip;x1 /jccp. Galvanostatic long-term
cycling showed further stabilization with the PAD-CuO-derived inter-
phase, supporting its beneficial role in maintaining intimate contact
between sodium metal and solid electrolyte, suppressing dendrite for-
mation, and providing uniform plating/stripping across the surface. The
annealed CuO interlayer also enabled stable Na plating/stripping at 30
°C over 10 days, with relatively low overvoltages of ~18 mV remaining
almost unchanged at a current density of 0.3 mA cm™2. These results
indicate that the interfacial stabilization is maintained under conditions
closer to those of practical operation.

These findings show CuO as a highly promising PAD-processable
interlayer for enabling stable Na-metal cycling with NZSP solid elec-
trolytes. Owing to its low-cost, low-temperature operation, and simple
equipment requirements (advantages over vapor-phase methods such as
ALD and PVD), PAD also offers a practical route for scalable fabrication
of such interlayers. Future studies should focus on optimizing the ther-
mal post-treatment conditions of PAD-fabricated interlayers, particu-
larly finding the optimal temperature where no further improvements in
the critical current density or the long-term cycling stability can be
observed. Further validation under longer-term, higher current density
and lower-temperature cycling conditions is still needed. PAD-
fabricated NZSP solid electrolytes, combined with PAD-derived in-
terlayers and cathode composites, may represent a viable pathway to-
wards next-generation Na solid-state batteries.
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