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This study investigates the structural, chemical, and electrochemical properties of yttria-stabilized zirconia
(YSZ) thin film electrolytes for thin film oxygen ion batteries (OIB), prepared by reactive DC magnetron
sputtering. The films were deposited on various electrode materials, including platinum and mixed ionic
electronic conducting (MIEC) perovskite oxides, with and without gadolinia-doped ceria (GDC) buffer
layers. Characterization techniques such as scanning electron microscopy, laser ablation inductively
coupled plasma mass spectrometry, X-ray fluorescence spectroscopy and X-ray diffractometry were
employed to analyze the microstructural and chemical properties of the films. Electrochemical impedance
spectroscopy and galvanostatic charge-discharge cycling were used to evaluate the ionic conductivity and
interfacial resistance of the YSZ films. The results demonstrate that the YSZ films exhibit a dense,
polycrystalline structure with a highly columnar grain morphology and a chemical composition close to
the desired stoichiometry. The ionic conductivity of the films is slightly lower than that of single crystal YSZ,
with an activation energy of approximately 1.09 eV. The introduction of GDC buffer layers significantly
reduces the interfacial resistance of YSZ grown on MIEC perovskite films, thereby lowering the effective
electrolyte resistance by up to 75%. Thin film electrolyte OIBs were prepared and operated at 250 °C, and
substantiated the performance increase by interfacial engineering, i.e. the introduction of GDC buffer

rsc.li/RSCApplinter layers.

Introduction

Solid oxide electrochemistry is key for solid oxide fuel cells
(SOFCs), solid oxide electrolysis cells"™ or (photo)
electrochemical water or CO, splitting®” and is thus a
cornerstone of efficient energy conversion and storage. More
recently, a new type of solid oxide electrochemical cell, the
oxygen ion battery (OIB), has emerged.®* OIBs exploit the
variable oxygen stoichiometry existing in many mixed ionic
electronic conducting (MIEC) oxides for electrochemical
energy storage. Analogous to lithium ion batteries, two MIEC
oxide electrodes are separated by an oxide ion conducting,
but electronically insulating electrolyte, allowing the transfer
of oxygen from one electrode to the other by an applied
current (charging), or the retrieval of stored electrical energy
(discharging) by the reverse process. OIBs allow operation at
elevated temperatures (250-500 °C), which together with their
non-flammability makes them ideally suited for deployment
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in harsh industrial environments. Miniaturization of such
cells, e.g. as thin film devices, may thus be highly attractive
for application in small, autonomous devices, e.g in
industrial internet of things sensor nodes.

Similar to SOFCs, the electrolyte is a critical component in
OIBs, as it requires a low ion transport resistance while still
ensuring electronic insulation of the two storage electrodes.
In the field of SOFCs, much effort is directed at miniaturizing
the electrolyte, and different thin film deposition routes such
as pulsed laser deposition (PLD),"*'* sputtering,'*"* sol-gel
spin coating’® and screen printing'” are explored. This study
focuses on the preparation and interfacial engineering of
sputtered yttria-stabilized zirconia (YSZ) thin film electrolytes
for thin film OIBs. Reactive DC magnetron sputtering was
employed to deposit YSZ thin films electrolytes, allowing the
fabrication of dense, polycrystalline electrolyte thin films.

The primary objective of this study is to demonstrate the
viability of very thin (200 nm) electrolyte films for
applications in OIBs. In such thin film systems, interfaces
play an especially important role and thus a further aim was
to engineer the electrolyte/electrode interface in order to
further improve electrolyte performance. Specifically, from
high temperature SOFCs research it is known that YSZ and
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perovskite electrode materials containing La or Sr react at
high temperatures to form resistive secondary phases, which
can be avoided by introducing an interlayer of
gadolinia-doped ceria (GDC)."*" In this study we apply this
approach in the form of an ultrathin (5 nm) buffer layer also
grown by sputter deposition. Electrochemical impedance
spectroscopy (EIS) on model YSZ thin film systems and on
full OIB thin film cells was used to investigate the resistive
contributions of the YSZ film and the interface. Additionally,
galvanostatic charge/discharge cycle experiments were
performed on the OIB cells.

The results demonstrate the viability of thin film OIBs
with sputtered YSZ thin film electrolytes. Furthermore, they
show that the GDC buffer layers significantly improve the
effective electrolyte resistance by eliminating the interfacial
resistance, highlighting the importance of interfacial
engineering in the development of high-performance thin
film OIBs.

Experimental
Sample preparation

Three different sample types were used in this study: YSZ
layers between two Pt thin film electrodes, YSZ films directly
between two MIEC perovskite electrodes—Lag ¢Sty FeOs_s
(LSF) and Lag 5S1(.5Cro,Mng 305_5 (LSCrMn)—and YSZ layers
between two MIEC perovskite electrodes with GDC buffer
layers between YSZ and perovskite. For the two latter sample
types, the LSF and LSCrMn electrodes were contacted by Pt
thin film electrodes and isolated from the atmosphere by a

a) Pt 100 nm YSZ 480 nm

YSZ substrate

b)

YSZ 200 nm LSCrMn 320 nm
LSF 400 nm YSZ 500 nm

Pt grid
100 nm

YSZ substrate

LSC 200 nm
C) YSZ 200 nm LSCrMn 320 nm GDC 5 nm
LSF 400 nm YSZ 500 nm
Pt grid
100 nm

YSZ substrate

LSC 200 nm
Fig. 1 Schematic cross-sections of the sample architectures used in
this study. YSZ electrolyte films were grown between two Pt films (a),
between two MIEC oxide films (b) or between two MIEC oxide films
with additional GDC buffer layers (c).
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second, thicker YSZ film. In all three sample architectures,
the effective electrolyte area, i.e. the area directly between
electrodes, was 7 x 7 mm?.

Furthermore, they comprised an auxiliary porous La,Sr;_,-
Co0;_; electrode on the bottom side of the substrate. Fig. 1
shows cross-sections of the three sample types.

Samples were prepared on 10 x 10 x 0.5 mm® YSZ single
crystal substrates (Y,O; molar fraction of 9% Crystek,
Germany), polished on the square sides and oriented in (100)
direction. Substrates were cleaned by sonicating them in
Extran (Merck, Germany) twice, followed by sonication in
twice distilled water and ethanol (99.93%, VWR chemicals,
Germany). Afterwards, substrates were annealed in air at
1200 °C for 2 h.

Pt films were prepared by DC magnetron sputtering in Ar
atmosphere at 2 Pa using a current of 100 mA. Substrates
were heated to 600 °C during deposition to improve
mechanical and thermal stability of the Pt layers. Patterning
of the Pt thin films was done by photo-lithography and ion
beam etching to obtain grids with 15 pm strip width and 35
pm mesh size.

MIEC perovskite films were prepared by PLD using the
parameters listed in Table 1. Targets for PLD were prepared
from powders synthesized by Pechini's method by pressing
and sintering in air at 1200 °C for 12 h.® PLD was chosen for
fabrication of the perovskite electrodes, as it allows
deposition of ceramic layers with complex stoichiometry (up
to 4 cations in our case). For industrial scale fabrication,
sputter deposition would be preferable, but may require
considerable effort in process tuning to achieve complex
stoichiometries.

YSZ thin films were prepared by reactive DC magnetron
sputtering from a Zr/Y (Y mass fraction of 15%) metal
target (99.9%, MSE Supplies, USA) in an atmosphere of
0.35 Pa O, and 1.05 Pa Ar (99.999%, Air Liquide). The
power was held constant at 120 W (5.9 W cm™2), resulting
in a voltage of 300 to 320 V and a current of 390 to 410
mA (19 to 20 mA cm?). Deposition rates were typically
about 67 pm s . Gdg1Cep.901 05 (GDC10) buffer layers were
deposited by RF magnetron sputtering from a ceramic
GDC10 target, made by pressing and sintering from GDC10
powder (Treibacher, Austria). The atmosphere was the same
as for the YSZ deposition and the sputter power was again
held constant at 120 W. Deposition rates were about 98 pm
s and thus higher than for YSZ. For both materials, the
substrate was heated to 600 °C during depositions, and the

Table 1 Pulsed laser deposition parameters for MIEC thin films

LSF LSCrMn LSC (porous)

Laser pulses 43 31 25 (nm)
Laser fluence 11 11 1.4 (J em™)
Pulse frequency 10 10 5 (Hz)
Oxygen pressure 4 1.5 15 (Pa)
Substrate temperature 600 700 450 (°C)
Target to substrate distance 6 6 6 (cm)
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target to substrate distance was 6 cm. To ensure
electronically insulting films and avoid electronic

conduction paths caused by pinholes, particle contaminants
or other film imperfections, YSZ films were sputtered in
two steps. After the first half of the deposition, samples
were cooled to room temperature, taken out of the
chamber and cleaned by sonicating in ethanol. Then the
samples were reheated, and the second half was deposited.
This two-step process resulted in a roughly 90% yield of
samples without any short circuits between the electrodes,
a significant improvement over the approximately 10% yield
achieved with a single-step deposition.

Alumina shadow masks were used for all thin film
depositions to achieve an overlapping layer structure,
resulting in electronic insulation of the individual electrodes.
To minimize stresses caused by different thermal expansion
of the individual film, heating and cooling rates were limited
to 15 °C min™" for all depositions.

Structural and chemical characterization

Grazing incidence X-ray diffractometry (XRD) measurements
were done on an Empyrean multipurpose diffractometer
(PANalytical, Germany). A Cu-tube operating at 45 kv and 40
mA was used as source, providing wavelengths of 154.06 pm
(Cu K-0-1) and 154.44 pm (Cu K-0-2). An incident angle (o)
of 3° was used, and the diffraction angle (26) was scanned
from 10 to 90° with a step size of 0.02° and a measurement
time of 1 s per step. Scanning electron microscopy (SEM)
images were taken on an FEI Quanta 250 FEG.

Laser ablation (LA)-inductively coupled plasma (ICP)-mass
spectrometry (MS) measurements were performed on an iCap
TQ (Thermo Fischer) triple quad ICP-MS system coupled to
an imageGEO193 (Elemental Scientific Lasers (Bozeman, MT,
USA)) laser ablation system operating at 193 nm wavelength
using an excimer laser, equipped with a “TwoVol3 ablation
chamber through a PTFE Tubing and Dual Concentric
Injector” interface. The system is tuned on a daily basis
In sensitivity and lowest ThO/Th ratio
using a NIST612 glass standard. Laser ablation was
performed with 5 line scans of 1 mm length distributed over the
sample using 1 J ecm™ laser fluence, non-overlapping spots
with a size of 5 x 5 um?, 100 Hz laser frequency and 500 pum
s scan speed. The signal was quantified using a YSZ single
crystal (Crystek) with a known dopant concentration (9
mol% Y,03;) as one point standard. X-ray fluorescence
spectroscopy (XRF) measurements were performed on a
PANalytical Axios advance wavelength dispersive spectrometer
equipped with a rhodium tube. The composition was
quantified using the PANalytical Omnian standards with the
respective routine in the Omnian software.

for maximum.

Electrochemical characterization

For electrochemical characterization, the samples were
placed in an alumina sample holder. The bottom reference
electrode was contacted via a Pt mesh and the Pt electrodes
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and current collectors on the top side were contacted by Pt
needles. The sample holder was mounted inside a sealed
fused silica tube and placed inside a tube furnace. The
measurement atmosphere was 1% O, in N, (99.999%, Air
Liquide) and the temperature was measured via a
thermocouple in proximity to the sample.

After first heating up the sample to the measurement
temperature, an equilibration step was performed by shorting
together all electrodes of the sample for at least 6 h. This was
done to ensure that the oxygen chemical potential of all
electrodes (especially the MIEC electrodes not exposed to the
atmosphere) was equal to the atmospheric oxygen chemical
potential. To minimize stresses caused by different thermal
expansion of the individual films, heating and cooling rates
were limited to 15 °C min™".

Impedance spectra were recorded using an SP-200
potentiostat (Biologic, France) between 150-400 °C in single
sine mode using an AC amplitude between 10 mV and 50
mV. A frequency range of 10° to 10~ Hz was recorded with 12
points per decade and each frequency point was measured
for at least one full period of the sinusoidal voltage. At each
temperature, six consecutive spectra were recorded to verify
system stability and each temperature ramp was repeated
multiple times in increasing and decreasing temperature
direction.

For DC experiments, also performed with the SP-200
potentiostat, first the LSF electrode was reduced by applying
a constant current of 1 pA between it and the auxiliary air
electrode. This step was necessary because after thin film
deposition and equilibration, both MIEC electrodes are
virtually fully oxidized, whereas battery operation requires
one to be oxidized, and the other to be reduced. Oxidized
here means that the Sr doping is almost entirely
compensated by Mn*" in LSCrMn and by (nominally) Fe*" in
LSF. The potential of the LSF electrode during this
preconditioning was measured relative to the LSCrMn
electrode, which, after the initial equilibration step, was at
atmospheric oxygen chemical potential. In total, the transferred
charge corresponds to a complete reduction of all iron in LSF
to Fe*', leading to a final potential of the LSF electrode of
-0.8 V vs. O,. After this preconditioning step, the cell was
cycled by applying a constant positive current between the
LSF and LSCrMn electrodes until the cell voltage reached
1 V, followed by a negative current until the cell
voltage reached 0 V. A detailed, mechanistic explanation of
these conditioning, charge and discharge phases is given in
previous publications.*® The charge/discharge cycle was
repeated between five and one hundred times, depending on
current, to keep experiment runtimes reasonable. Currents
from 10 to 500 pA were used at a temperature of 250 °C.

Structural and chemical properties

Fig. 2 shows top view and cross-section SEM images of a YSZ
film grown on a Pt layer. From the top view (Fig. 2a) a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM top view (a) and cross-section (b) images of a YSZ film
grown on a Pt film.

polycrystalline film morphology is visible with a very narrow
grain size distribution around 77 + 4 nm. The film surface
appears very homogenous with no apparent defects like
voids, cracks or pinholes. The cross-section image (Fig. 2b)
reveals that the films grow fully dense, with a highly
columnar grain structure.

Pt
(111)

YSZ
(111) Pe

Intensity (a.u.)

Pt
(200) Ysz

YSz (331)
(220)

YSZ (311)
Pt(311)

10 20 30 40 50 60 70 80 90
Diffraction angle 26 (°)

Fig. 3 Gracing incidence diffractogram of a YSZ thin film grown on a
Pt film, recorded using an incidence angle of 3°.
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Fig. 3 shows a grazing incidence diffractogram of a YSZ
thin film grown on a Pt film. All peaks can be assigned either
to the YSZ film, or to the underlying Pt film electrode,
confirming a phase pure, polycrystalline film growth.

The chemical composition of the sputtered YSZ films was
determined by LA-ICP-MS and by XRF. Table 2 lists the
obtained molar Y to Zr ratios, together with reference data
measured on a single crystal. Data obtained by both XRF and
LA-ICP-MS are in very good agreement and confirm that the
stoichiometry of the sputtered YSZ thin film is close to the
desired composition.

Impedance spectra of YSZ films
grown on Pt

In a first experiment, the sputtered YSZ films were contacted
between two Pt electrodes as shown in Fig. la. Fig. 4a to e
display impedance spectra of such a cell at various
temperatures. The spectra consist of a high frequency
intercept, a medium frequency distorted semicircle and a
constant slope feature at low frequencies. The high frequency
intercept is attributed to the wiring and contact resistance
and possibly also includes contributions from the in-plane
electron transport in the Pt thin film electrodes. This is
consistent with its weakly positive temperature dependence.
The low frequency feature is attributed to the electrode
reaction.

The mid-frequency semicircle is attributed to the cross-
plane ion transport resistance of the YSZ film, consistent
with its strongly negative temperature dependence.
Typically, for polycrystalline YSZ, both grain and grain
boundary resistances may contribute to the effective ionic
resistance, often showing as two distinct semicircles in the
Nyquist plot.>>”>* However, in contrast to macroscopic bulk
samples, here, the columnar growth of the film leads to
only very few grain boundaries being oriented in-plane, i.e.
normal to the direction of current flow. Thus, no separate
grain boundary semicircle is visible, and the medium
frequency feature corresponds predominantly to the grain
transport resistance.

In accordance with literature on similar or related
systems, these spectra were parametrized via the equivalent
circuit model shown in Fig. 4£.>°7® It consists of an inductor
in series with a resistor, which account for the high
frequency intercept, a constant phase element (CPE), which
accounts for the low frequency electrode feature and a

Table 2 Molar Y to Zr ratios determined by XRF and LA-ICP-MS. Listed

uncertainties are the standard deviations between 5 separate
measurements

XRF LA-ICP-MS Nominal
Sputtered thin film 0.21 + 0.04 0.20 + 0.07 0.20
Crystek single crystal 0.21 + 0.01 0.200 + 0.004 0.20

RSC Appl. Interfaces, 2025, 2,1372-1381 | 1375
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Impedance spectra of sputtered YSZ films, contacted between two Pt film electrodes (a to e). Symbols indicate measured data points, lines

were used to model imperfect capacitances with impedance
Zepg = T '(iw)™; a P value of 1 corresponds to an ideal
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Impedance spectra of sputtered YSZ films between two MIEC electrode films (a to e). Symbols indicate measured data points, lines are fits

to the equivalent circuit model shown in (f) and (g) for the spectra of samples without and with buffer layers, respectively.
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capacitor.” Estimated fit errors were typically between 1%
and 5% for all fit parameters.

The YSZ ion transport resistance and the dielectric
capacitance obtained from the equivalent circuit model were
normalized to the YSZ thickness (d) and the area between the
two Pt layers (4) according to

d

Ojon = AR’ (1)
and
1d 1
oy = —— (TR'P)? 2
& EQA ( ) ( )

where R, T and P are the parameters of the resistance
Rysy and the CPE Qysz; and ¢, is the vacuum
permittivity. The relative permittivity thus obtained is 33
to 40, which is consistent with literature data for YSZ,
corroborating our assignment of the medium frequency
feature.”>*® A discussion of the YSZ ionic conductivity is
given below.

Impedance spectra of YSZ films
grown on MIEC films

In a second experiment, YSZ films were grown between two
MIEC thin film electrodes, both with and without GDC
buffer layers as shown in Fig. 1b and c. Fig. 5a to e show
impedance spectra of these cells, measured between the
LSF and LSCrMn electrodes at different temperatures.
These spectra are qualitatively very similar to the ones of
YSZ films between two Pt contacts, except for one distinct
difference: spectra of samples without GDC buffer layers
present an additional feature between the medium
frequency semicircle and the low frequency electrode
feature. This additional feature is close to a 45° slope, with
a slight curvature; the curvature is more pronounced at
lower temperatures.

Since this additional feature appears only in samples
containing a YSZ/perovskite interface, it is likely associated
with processes occurring at that interface. In SOFCs sintered
at high temperatures (e.g. above 1000 °C), such interface
resistances are frequently observed and are attributed to an
interfacial reaction between perovskite electrode and YSZ
electrolyte, leading to the formation of highly resistive phases
such as La,Zr,0, and SrZrO,. 82131734

However, similar interfacial resistances are also observed
in systems where thin-film perovskite electrodes are
deposited onto YSZ substrates via physical vapor deposition
(PVD) techniques at much lower temperatures (typically 500-
800 Oc)‘27,28,35,36

This suggests that the underlying mechanism responsible
for the interfacial resistance in high-temperature SOFCs may
also apply to thin-film systems, despite the differences in
processing conditions. In addition, other factors—such as
cation interdiffusion without the formation of a novel phase
—may also contribute to the observed resistance in our case.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Supporting  this interpretation, similar interfacial
resistance features were found in cells consisting of PLD-
grown perovskite electrodes on YSZ single-crystal substrates.
Notably, both LSF and LSCrMn formed resistive interfaces
with YSZ, as discussed in more detail in the ESL}

Notably, the interfacial feature is absent in our cells that
include a thin GDC buffer layer between the perovskite and
YSZ. Similar to its role in conventional high-temperature
SOFCs, the GDC layer likely acts as a barrier that inhibits
interfacial interdiffusion or reactions, and its inclusion
effectively eliminates the additional resistance in our thin-
film cells as well."®2°

Spectra of samples with GDC buffer layer were quantified
with the same equivalent circuit as YSZ films between two Pt
films, see Fig. 5f. For the spectra of samples without buffer
layer, an additional R-CPE element was added to account for
this additional interfacial feature, see Fig. 5g. Fit errors were
again between 1% and 5% for all parameters except the
interfacial resistance R;,;, where it was 10 to 30%. The P value
of the CPE Qj,, was between 0.7 and 0.85, ie. somewhat
intermediary between an ideal 45° slope with a P value of 0.5
and an ideal semicircle with P value of 1. The YSZ transport
resistances were again normalized to the thin film
dimensions, and the resulting ionic conductivities are shown
in Fig. 6.

lonic conductivity and interfacial
resistance

The ionic conductivity extracted from the impedance
spectra is shown in Fig. 6 as a function of temperature

102 —
Thin film on Pt
= Thin film on MIEC
A Thin film on MIEC with GDC buffer
. ¢ Single crystal from literature
100 ~
T 1072 4
€
(8]
0
<
& 10
= 1072
o6 | 107 —:Q\‘.\
1074
1.7 1.8
1078 4= T T T LI LI T
1.0 1.3 1.6 1.9 2.2 2.5

10007t (K1)

Fig. 6 lonic conductivity of YSZ thin films prepared by reactive DC
sputtering on Pt electrodes and on MIEC perovskite electrodes with
and without an interfacial GDC buffer layer. The ionic conductivity of a
YSZ single crystal is shown for reference.?
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together with literature data for bulk single crystals of
similar chemical composition.”® For YSZ films grown on
Pt electrodes, the conductivity is lower than that of the
singly crystal by a factor of 2.5. The deviation may in part
be caused by minor resistive contributions from grain
boundaries, but may also depend on the specific Y
distribution which is a consequence of the thermal history
of the YSZ film.>> A distinct Arrhenius-type relation is
evident, with an activation energy of 1.09 + 0.004 eV,
which is very close to the value of 1.14 eV for the single
crystal in this temperature regime.

For samples with MIEC electrodes, the ionic conductivity
of the YSZ films—with or without buffer layer—is virtually
identical over the entire temperature range, supporting our
separation into YSZ transport and interface resistance.
Compared to the films grown on Pt, the conductivity is
slightly lower by about a factor of 1.5, and this might be
due to minor differences in film growth on Pt and on
MIEC perovskite. The activation energies of 1.11 + 0.01 eV
for samples without GDC buffer and 1.13 + 0.01 eV for
sample with buffer, on the other hand, are again very close
to that of that films grown between Pt layers (1.09 + 0.004
eV) and to the single crystal value of 1.14 eV.”’> Also the
relative permittivity extracted from the medium frequency
feature, 40 to 47 is again consistent with that of YSZ.>**°
Please note: the ionic transport resistance of the buffer
layers themselves does not contribute notably to the
electrolyte resistance, as the thickness of the buffer layers
(approximately 5 nm, estimated from deposition time and
deposition rate) is very low compared to that of YSZ layers
(200 nm) and furthermore, GDC 1is generally more
conductive than YSZ.*’

10* 3
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Fig. 7 Area specific YSZ transport and interfacial resistances as a
function of temperature.
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Fig. 7 displays the YSZ ionic transport and interfacial
resistances of the YSZ films with and without buffer layers.
Since the thickness of the interfacial layer is unknown, the
resistances obtained from the equivalent circuit model fits
were normalized to the film area. The YSZ transport
resistance is again virtually identical for samples with and
without the additional GDC buffer layer. The interfacial
resistance present in samples without buffer layer is larger
than the YSZ transport resistance by a factor of 2.6 to 10.6
depending on temperature. Furthermore, it is more strongly
thermally activated with an activation energy of 1.26 + 0.03
eV compared to the YSZ transport with 1.11 to 1.13 eV.
Additional samples with increased GDC thickness showed
the same suppression of interfacial resistance, indicating that
the effect is robust within respect to the GDC thickness. In
systems with very thin electrolytes, such as these, the
interfacial resistance thus dominates the effective electrolyte
resistance. This highlights again the importance of
adequately engineering the electrolyte-electrode interface by
preventing the formation of low conductivity zirconates
through the introduction of a buffer layer.

Charge voltage curves

Galvanostatic charge and discharge cycling experiments were
performed to complement the EIS measurements and

1.00

1a) - Without buffer layer - Fig. 1b
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Fig. 8 Voltage vs. charge during charging as discharging for cells
without (a) and with (b) GDC buffer layer recorded galvanostatically
with a current density of 102 uA cm™ at 250 °C.
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demonstrate the viability of sputtered thin film electrolytes
for low temperature thin film OIB cells. Fig. 8 displays
exemplary charge vs. voltage curves recorded on samples with
and without GDC buffer layer over multiple consecutive
charge-discharge cycles.

A detailed mechanistic description of such OIB cells is
given in a previous publication,® here we only repeat the
basic operation principle. During charging, oxygen ions
are pumped from the LSCrMn electrode to the LSF
electrode by an externally applied current, and thereby
LSCrMn gets reduced, while LSF gets oxidized. During
discharging, the reverse process occurs. Notably, this is a
pure solid state process, without any involvement of the
gas phase. Both cells exhibit stable, reversible cycling
behavior with high Coulomb efficiency (>99.5%). The
slight capacity decrease notable in Fig. 8 is reversible
through a regeneration step.>® Including such steps, the
cells were cycled for 2000 cycles without any signs of
irreversible degradation.

However, one distinct difference is again present: for the
cell without GDC buffer layers, the charging voltage is higher
and the discharging voltage is lower, compared to the cell
with buffer layers, i.e. overpotential losses are higher without
buffer layers. This is consistent with the presence of the
additional interfacial resistance found in the EIS
experiments.

From these curves, the overpotential was estimated by
subtracting the voltages during charging and discharging at
equal state of charge, assuming that the overpotential is the
same in both directions, i.e.

1
n= E (Ucharge - Udischarge), (3)
and
Uoc = Ucharge -n= Udischarge +7, (4)

where Ucparge and Ugigcharge are the voltages under load,
Uoc 1is the open circuit voltage and #x 1is the
overpotential. The extracted overpotential is shown
exemplary in Fig. 9 as a function of state-of-charge. The
overpotential is mostly constant over a wide range of
battery  state-of-charge, except close to the fully
discharged state. This additional overpotential is due to
electrode contributions. Specifically, the LSCrMn anode
gets fully oxidized, and its oxygen vacancy concentration
becomes virtually zero. This leads to increased ionic
transport resistance within the LSCrMn electrode, and
thus to an increased overpotential. Fig. 10 shows these
overpotentials, averaged over the entire state-of-charge
range, as a function of current density.

Despite some scattering, a linear relation between current
and overpotential is evident, corresponding to ohmic
behavior. The resistances obtained from linear regression fits
are 269 + 26 Q cm? and 906 + 41 Q cm?, for cells with and
without buffer layer, respectively. These values fit very well to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Overpotential and open circuit voltage extracted from charge
and discharge voltages in Fig. 8 as a function of state-of-charge for
cells without (a) and with (b) GDC buffer layers.

predictions based on the electrolyte and interface resistances
determined by EIS (193 Q cm?® and 1020 Q cm?). Altogether,
these proof-of-concept cells demonstrate the viability of
sputtered YSZ electrolytes for thin film OIBs, and highlight
the importance of interfacial modification.

0.6
0.18
wjonl 1
0.06 -:fi
044 000 I —
0 80 160 240

0.2

Overpotential (V)
o
w
1

0.1
Without GDC

¥ With GDC
LI B

— T T

0 200 400 600 800 1000 1200

Current density (WAcm™2)

Fig. 10 Overpotential averaged over the entire state-of-charge range
as function of current density at 250 °C for cells with and without
GDC buffer layer. Markers denote data points, lines indicate linear
regression fits. The inset shows a magnification of the low current
regime.
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Conclusion

YSZ films were prepared using reactive DC magnetron
sputtering and characterized using a combination of SEM,
XRD, LA-ICP-MS, and XRF techniques. The electrochemical
performance of the films was evaluated using electrochemical
impedance spectroscopy and galvanostatic charge-discharge
cycling. The YSZ layers exhibit a dense, polycrystalline
structure with a highly columnar grain morphology. The
chemical composition of the films was confirmed to be close
to the desired stoichiometry, with molar Y to Zr ratios
consistent with reference single crystal data. The ionic
conductivity of the YSZ films was found to be only slightly
lower than that of single crystal YSZ. However, the activation
energy for ionic conduction was very close to the literature
value of single crystalline YSZ, indicating that the dominant
conduction mechanism is similar, i.e. grain conduction.

The ionic conductivity of YSZ films grown on MIEC
electrodes was very close to that of the films grown on Pt, but
the activation energies were again comparable. However, the
impedance spectra of such films showed an additional
feature that could be attributed to interfacial resistance. This
additional resistive contribution was effectively mitigated by
the introduction of a GDC buffer layer.

YSZ thin films were used as electrolytes in thin film OIB
cells and these thin film OIBs were successfully operated for
over numerous cycles. Galvanostatic charge-discharge cycling
experiments on these cells confirmed the validity of the
impedance spectroscopy results. The overpotential losses
were higher in cells without GDC buffer layers, consistent
with the presence of interfacial resistance. The introduction
of the GDC buffer layer significantly reduced the
overpotential losses, highlighting the importance of
engineering the electrolyte-electrode interface to prevent the
formation of low conductivity interfacial layers. Altogether,
these findings demonstrate the viability of sputtered YSZ thin
films for low temperature solid oxygen cells like OIBs.
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