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The oxygen off-stoichiometry plays a pivotal role for the physical properties of superconducting oxides.
Yet, there is a lack of knowledge on the fundamental processes of oxygen incorporation and correlated
phenomena during oxygen post annealing treatments. Here, we deployed electrical probes (p(T) and
electrical conductivity relaxation (ECR) measurements) to gain a better understanding of the kinetics of
the oxygen reduction reaction (ORR) in epitaxial YBa,CuzO;_s (YBCO) thin films. We identified a new
indicator for the onset temperature of oxygen incorporation and report for the first time drastic kinetic
deactivation in bare YBCO. We demonstrate that surface decoration using silver micro islands both
catalytically activates oxygen incorporation and bypasses surface degradation processes. Our results
suggest that the ORR in the studied YBCO samples is limited by a surface reaction. Additionally, weak
XRD signatures of the formation of extended bulk defects were identified, which have to be considered
in the designing of an optimal oxygenation treatment to obtain best performing superconducting YBCO.
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1. Introduction

Oxide materials are considered game changers in the pursuit
for a sustainable energy transition, due to their promising
potential in the domains of energy harvesting, conversion,
transport and storage, including oxide photovoltaics,"? solid
oxide fuel and electrolysis cells (SOFC & SOEC),** fusion-
enabling high temperature superconductors (HTS),”® and
novel oxygen ion batteries.”'® For many members of this func-
tional oxides materials class, the flexible oxygen off-stoichio-
metry, J, is vital to their physical properties.""** This is especially
true for superconducting oxides, such as YBa,CuzO,_; (YBCO),
where 0 does not only govern the structural transition to the
superconducting orthorhombic phase,'* but also determines the
superconducting critical temperature, T,,"> and strongly impacts
the maximum critical current density, J.,"®° via the release of
electronic charges (charge doping) to the crystal upon oxidation.
Thus, precise control of the oxygen stoichiometry is a pivotal step
in the manufacturing of high performing superconducting
materials, including so called coated conductors,*! which repre-
sent the commercial solution to the strict crystallographic
requirements to unfold the full current carrying capacity of
ReBCO (Re = rare earths, such as Y, Gd, Eu) materials.
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Significant progress in understanding oxygen incorporation
processes and identifying influencing factors has been made
in the field of solid oxide cells, where the oxygen reduction
reaction (ORR) is at the heart of operation.””>* The ORR,
describing the incorporation of an oxygen molecule into crystal
sites, O, can be simply written as:{

OZ,gas + 2VE)' = 208 + 4h* (1)

with the oxygen vacancy, v¢y, and positively charge electron
holes, h®. Nevertheless, it consists of a succession of elementary
reaction steps, including adsorption, ionization, dissociation,
recombination, surface and bulk diffusion of different charged
oxygen species as well as electronic charges, as schematically
illustrated in Fig. 1(a). Consequently, such interfacial, com-
bined electronic and ionic charge transfer reactions are highly
complex. Challenging, but progressively systematic studies
deploying novel approaches and tools,?****” strive to illumi-
nate the reaction pathways and identify the slowest elementary
mechanism in the chain of reaction steps, thus the rate
determining step (RDS), with the goal to improve the perfor-
mance of catalysts, as well as of oxide electrodes and provide
better control in tuning functional properties of mixed ionic
electronic conductors (MIECs).

Based on sample dimensions and materials properties, one
can distinguish two limiting cases for oxygen incorporation:

+ Charges are indicated following the Krdger-Vink notation, with x and °®
corresponding to neutral and positive charge, respectively, relative to the perfect,
defect-free crystal.
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Fig. 1 (a) Sketch showing different reaction pathways for the process of

oxygen incorporation into an oxide, including various elementary reaction
steps, such as adsorption, ionization, dissociation, incorporation and
diffusion, involving different defect species such as adsorbed (ad) and
incorporated oxygen ions (O,q, Op, OF, etc.), oxygen vacancies (vg) and
electron holes (h*), given in Kréger—Vink notation. Notably, a large number
of other reaction pathways are similarly possible. (o) Comparison of reported k
values obtained via tracer experiments (k*, red) and chemical experiments
(K® = Kenern blue) for different crystal directions (solid/dashed lines for surface
terminations normal/parallel to the c-axis, dotted line for polycrystalline
sample).®* (c) Oxygen off-stoichiometry, 8, of bulk YBa,CuzO_s as function
of pO, at various temperatures, adapted from literature.*

bulk diffusion and surface exchange limitation.?® For thin films
of thickness dfm, OXygen incorporation can be reduced to a 1D
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problem (along the out-of-plane direction) and one can intro-
duce the dimensionless parameter L, also referred to as Biot
number:

dﬁlmkchem
L=———— 2
Dchem ( )

with the surface exchange and bulk diffusion coefficients, kchem
and Dcphem, respectively. For L « 1, any oxygen concentra-
tion gradient along the thickness vanishes and the materials
response to changes in the oxygen chemical potential (e.g. due
to changes in the surrounding oxygen partial pressure) is
determined by the surface only (surface exchange limited
regime). Conversely, for L > 1, the top surface layer rapidly
equilibrates to a new pO, in the atmosphere, while a concen-
tration profile develops as function of distance to the surface
(diffusion limited regime).

As for the YBCO community, which started historically with
the analysis of bulk materials, the spotlight was focused for
a long time on oxygen diffusion,*"** with little consideration
of the importance of surface reactions.’® While this remains
plausible for bulk with large diffusion lengths or low density,*®
highly porous materials, the emergence of highly dense, low
porosity thin films, as required for superconducting applica-
tions, calls for a revision of this picture. In particular, we
suggested recently,®” that oxygen incorporation in YBCO thin
films may be exclusively governed by surface reactions, such as
ionisation, dissociation and/or recombination of an oxygen
surface ion with a bulk vacancy. This is in agreement with
other recent reports on YBCO,*® and a large number of similar
thin film perovskite-related oxide materials, where the RDS was
identified to rest within the surface,>**** and supported by
previously reported fast grain-boundary assisted diffusion in
YBCO.*® Generalizing these results however, is problematic, as
it may be very much dependent on the specific YBCO specimen.
Namely, the materials chemistry itself can strongly depend on
the sample type (bulk, powder, thin film), structure (single
crystal, polycrystalline, epitaxial) and derived properties, such
as density, porosity, surface termination and surface chemistry,
number and type of bulk and surface defects and may strongly
be affected by the synthesis technique. This results in a wide
spread of reported surface exchange coefficients for different
YBCO materials, spanning several orders of magnitude, as
summarized in Fig. 1(b). Other effects however, including sur-
face contamination, catalytic surface activation and detrimen-
tal deactivation, have been addressed insufficiently for ReBCO
materials, leading to a materials history component which
needs to be considered*®*® and will be subject of this work.

While the above discussed phenomena are of kinetic nature,
the equilibrium oxygen stoichiometry in an oxide is defined
thermodynamically via its oxygen chemical potential and is as
such a function of oxygen partial pressure as well as tempera-
ture, with inverse effects on the oxygen concentration.>® That
means increasing the pO, leads to a higher oxygen stoichio-
metry, while higher temperatures increase the configurational
entropy and thus result in a lower overall oxygen concentration,
due to a higher number of point defects, such as oxygen

This journal is © The Royal Society of Chemistry 2025
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vacancies. An oxygen non-stoichiometry diagram for bulk YBCO
adapted from literature,” is shown in Fig. 1(c). As super-
conducting properties improve with increasing oxygen content,
low annealing temperatures are favourable to obtain 6 ~ 0.
However, the kinetic process of oxygen incorporation is ther-
mally activated, resulting in a trade-off conflict between fast
kinetics at high T and a small off-stoichiometry a low T. It may
therefore seem beneficial to start the oxygenation process at
high temperatures, where oxygen vacancies are rapidly filled
and subsequently decrease the temperature to slowly occupy
the remaining vacant oxygen sites. In fact, a similar process
may be followed by some commercial coated conductor tape
manufacturers.>*>>' However, this intuitive approach omits
possible degradation processes, such as surface poisoning,
morphological reconstruction, formation of extended bulk
defects, etc., which are commonly observed in oxide electrodes
for high temperature applications (SOFC, SOEC),>* >°
HTS materials®” and can result in strongly reduced reaction
rates, making processes slow and ineffective. Consequently,
these processes have to be considered in designing an opti-
mized oxygenation process.

Here, we use electrical conductivity relaxation (ECR) mea-
surements to study the oxygen activity of bare and Ag decorated
YBCO thin films as function of temperature and history,
completed by a microstructural analysis. We investigate for
kinetic degradation in bare YBCO, catalytic activation phenom-
ena induced by silver coating and develop a possible, yet
simplified reaction pathway scenario of oxygen kinetics in
YBCO, with the goal to provide guidelines for improved oxyge-
nation treatments.

as well as

2. Experimental

Thin films studied within this work were synthesized using the
chemical solution deposition (CSD) technique,’® whereas anhy-
drous TFA precursor salts were dissolved in trifluoroacetic acid,
trifluoroacetic anhydride and acetone to obtain a 0.25 mol (with
respect to Y) YBCO-TFA solution. The solution was deposited by
spin-coating on 5 x 5 mm?® LaAlO; (00]) (LAO) and SrTiO; (00])
(STO) single crystal substrates (Crystec). The subsequent pyro-
lysis to remove the organic matter was performed at 310 °C for
30 min in humid, oxidising atmosphere using slow heating and
cooling ramps between 3 and 5 °C min~". It is followed by the
growth and sintering process at 810 °C in 200 ppm of O, in
flowing N, gas. For the nucleation stage, the gas is humidified
to enable from the reaction of the Ba-Y-F based precursors the
growth of YBCO, whereas sintering is performed in dry atmo-
sphere. A detailed description of the chemical reactions taking
placed during the pyrolysis and growth process can be found
elsewhere.>”®® The highly epitaxial growth was confirmed and
the c-axis lattice parameter was determined using a high
resolution Discover D8 Bruker diffractometer (X-ray energy =
8.049 keV). Electrical conductivity was measured in Van der
Pauw configuration using small excitation currents (100 pA).
The low temperature resistivity, p, was measured in a Physical

This journal is © The Royal Society of Chemistry 2025
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Property Measurement System (PPMS, Quantum Design). Elec-
trical measurements were averaged over two permutations of
the electrical contacts and positive and negative excitation
currents in DC mode (100 pA). The critical current density
was obtained via SQUID magnetometry (Quantum Design), as
explained elsewhere."®

Squared 700 x 700 pm and 100 nm thick Ag electrodes were
fabricated in the four corners of the samples to guarantee good
contact for electrical measurements using optical lithography
(DURHAM) and argon DC sputtering (TSST) at ICMAB’s clean-
room facilities. For the Ag decorated YBCO thin films
(YBCO|Ag), the same preparation step was used for the fabrica-
tion of micro-patterned 30 x 30 pm Ag squares, with a spacing
of 20 pm, as shown in Fig. 4(b). The micro-patterning allowed
for immediate electrical measurements starting at room tem-
perature (avoiding short circuiting through the continuous Ag
layer), whereas at higher temperatures (around 280-300 °C),
dewetting of the Ag layer into small islands is observed, see the
top panel in Fig. 4(b).

For in situ electrical measurements, samples were mounted
onto a ceramic sample holder using thin Ag wires glued with
high temperature Ag paste onto the top corners, and placed in
the centre of a 22 mm tube furnace, equipped with a calibrated
thermocouple in close proximity to the sample.

The oxygen exchange activity was studied using electrical
conductivity relaxation (ECR) measurements. Therefore, the
response of the electrical conductivity, o, of a thin film to a
rapid change in the atmospheric pO, is recorded over time and
the transient from the initial to the final equilibrium state is
analysed to obtain kinetic insight. The modulation of the
materials conductivity is caused by changes in the oxygen
stoichiometry, ¢, and thus the charge carrier concentration
via the oxygen reduction reaction (eqn (1)). Reduction and
oxidation processes are triggered by jumps to lower and higher
pO,, respectively. Oxygen partial pressures in the range of
1 mbar to 1 bar were established by mixing high purity gases
of O, and N, using gas flow controllers. All experiments were
carried out at atmospheric pressure. Rapid gas atmosphere
changes were enabled using high gas flows (0.6] min~") and
automatic valves controlling the switching process via a digital
relay. After reaching the desired temperature and stabilization
for several minutes, the reduction-oxidation cycle was initiated.
Thus, each dwell started and ended in pure O,. Heating and
cooling ramps were set between 3 and 10 °Cmin~ " and were
always executed in oxygen rich atmosphere.

For thin films, the oxygen diffusion problem can be reduced
to 1D, with a linear surface exchange term as boundary condi-
tion at the top surface only. In the case that the overall reaction
is limited by a surface reaction (i.e. Dehem > dfiimkchem), the
solution of Fick’s diffusion law for a plane sheet sample
geometry can be approximated as:

o(t) — 0

14
= et 3
e (3)

c(t) — cxo
C) — Co

with the relaxation time, 7 =
characteristic time of the

VI(Akchem), which relates the
reaction process with the surface
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exchange coefficient, kcphem, the thin film volume, V, and
exposed surface area, A. For the applied model of dense, thin
films of rectangular cuboid shape, the ratio V/A reduces to the
film thickness, dfm, and consequently t = djjm/kchem- The sub-
indices 0 and oo indicate the initial and saturation values of the
oxygen concentration and the conductivity, respectively. The
validity of eqn (3) is limited for small changes in the oxygen
stoichiometry and thus small jumps in pO,, for which a linear
correlation with the conductivity can be assumed, i.e. Ag oc Ac
and a simple, linear kinetic regime prevails.®*

3. Results

3.1. Onset of oxygen incorporation

At elevated temperatures, the YBa,Cu;0;,_s phase is thermo-
dynamically stable only within a narrow (T, pO,) window.
Grown under these conditions, YBCO is highly oxygen defi-
cient, i.e. 0 > 0. Thus, independent of the growth technique,
oxygen post-growth treatments are required to reduce the
oxygen off-stoichiometry, thereby introducing charge carriers
for the superconducting phase to emerge and flourish. To study
the initial oxygen uptake of YBCO thin films, the freshly synthe-
sized YBCO material was cooled from the deposition temperature
in dry growth atmosphere (pO, = 0.2 mbar) without an increase of
the pO, during the cooling. This results in an oxygen off-
stoichiometry of about § & 0.5-0.6, as estimated from the super-
conducting transition below 40 K (¢f Fig. 2(d)).** In this strongly
reduced state, electrical contacts were fabricated on the top
corners for in situ resistivity and ECR measurements. Additional
batches of samples were prepared with a silver decoration layer of
100 nm on the top surface (YBCO|Ag, see Fig. 4(b)).
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The subsequent annealing in 1 atm of oxygen is charac-
terised by a strong chemical driving force for oxygen incorpora-
tion. The p(7) curves of an aforementioned initial heating
in oxygen are shown in Fig. 2(a) for an uncoated and an Ag
decorated YBCO sample. The samples exhibit approximately
metallic like behaviour with a linear increase of p up to a
certain temperature, Tonser, fOllowed by a strong decrease at
higher T. We ascribe the observed drop in resistivity to changes
in the charge carrier density due to the onset of noticeable
incorporation of oxygen around Toset, as detailed below.

For the bare YBCO sample, the resistivity starts to increase
again around 400 °C, due to enhanced thermal scattering. The
peak is shifted by approximately 50 °C to lower temperatures
for the YBCO|Ag system, as compared to the bare YBCO surface.
This effect was observed systematically for the initial oxygena-
tion in all studied samples, with a clear shift of Ty to lower
temperatures upon Ag coating, as summarized in Fig. 2(b).
Furthermore, the temperature of the maximum in p depends
on the deployed heating rate, as shown in Fig. 2(c), pointing
towards the involvement of kinetic processes.

Similar p(7) curves were reported previously for YBC
where it was proposed that this effect is linked to an oxygen
ordering mechanism inside the bulk, but the exact origin
remained unclear. Based on our findings, we suggest that the
maximum in p(7) is related to the onset of oxygen incorporation
processes and as such a highly relevant indicator for the
minimum temperature for an optimised oxygen treatment.
The following strong decrease in p above approx. 250-320 °C
is caused by the increase of the free charge carrier density via
the oxygen reduction reaction, which is catalytically enhanced
through the Ag decoration, as discussed in more detail in the
next section. To validate this assumption, we oxygenated bare

62,63
O,

T(K)
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Investigation of the onset of oxygen incorporation in YBCO thin films using in situ resistivity measurements: (a) temperature dependence of p for

uncoated and Ag decorated YBCO samples during the first heating in oxygen rich atmosphere (1 atm). The maximum in p marks the onset temperature
for oxygen incorporation, Tonset. (b) Onset temperature of oxygen incorporation for bare and Ag decorated YBCO averaged over several samples (at a
heating ramp of 10 °C min™2). (c) Dependence of Tonset ON the heating rate for silver coated samples. (d) Low temperature resistivity and (e) critical current
density of bare and Ag coated YBCO oxygenated at 300 °C. Panel (d) additionally shows an as grown YBCO sample without oxygen treatment. Note the
absolute temperature scale in (d) and (e).
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and Ag coated YBCO for 5 h at 300 °C and analysed the resulting
low temperature physical properties. We selected 300 °C, as
it approximately lies in between the T,,s. for bare and Ag
coated YBCO.

The low temperature resistivity and critical current density
curves are shown in Fig. 2(d) and (e), respectively. The YBCO|Ag
specimen exhibits high oxygen doping, characterised by lower
resistivity values with high linearity in temperature,® a high
critical temperature (drop to zero resistance at around 89 K)
and comparable J. values for CSD-TFA grown YBCO samples in
our group (J. of 18 MA cm > at 5 K and 2 MA cm~? at 77 K).>">®
On the other hand, the oxygen content in bare YBCO was only
slightly enhanced compared to the as grown state, indicated by
an increase of the critical temperature from below 40 K to about
64 K and a slightly reduced p(7). The low J. values of the poorly
oxygenated bare YBCO sample (9.5 MA cm > at 5 K and 0 at
77 K) underline the importance of appropriate oxygen doping to
achieve excellent superconducting properties. This data is in
agreement with our assumption, that the drop in p above Ty et
is linked to the incorporation of oxygen and confirms that silver
decoration enables oxygen treatments at reduced temperatures
compared to bare YBCO, where kinetic processes and oxygen
incorporation are activated at slightly higher temperatures
(Tonset & 320 °C).

3.2. Oxygen kinetics of YBCO thin films

In the previous section, we found a low onset temperature of
oxygen incorporation of around 300 °C. To determine the
oxygen exchange activity of YBCO thin films in a systematic
manner, we deployed the ECR technique following two differ-
ent, time-mirrored protocols, by either starting at high and
going to low temperatures (H2L), or in inverse direction going
from low to high temperatures (L2H), spanning a temperature
range from 375 to 600 °C, with reduction-oxidation cycles every
25 °C. This analysis was performed for bare, as well as silver
decorated YBCO thin films.

The temperature and pO, profile as well as the evolution of
the conductivity for a H2L experiment are presented in Fig. 3(a)
and (b). The corresponding ¢(7) curve is depicted in Fig. 3(c),
with the typical spikes for each cycle. Notably, the difference in
conductivity between the initial heating and the subsequent
cooling steps is small. A kinetic analysis is performed for
the isothermal reduction-oxidation steps to obtain surface
exchange coefficients. The oxidation transients can be well
fitted using to a single exponential decay, as given in eqn (3).
An example is shown in Fig. 3(d) and (e), showing the very high
fit quality. Generally, reduction processes could not be ade-
quately fit using a single exponential term. The introduction of
a second, parallel exponential process, as commonly done in
literature,”*>*” allows to appropriately model experimental
data. As this phenomena was observed for all temperatures, it is
unlikely to be an artefact due to the short but non-vanishing
furnace flush time.®® While the necessity for a second relaxa-
tion time is possibly related to an intrinsic, material/sample
dependent effect, e.g. distinct surface areas such as grains and
grain boundaries, the exact origin remained unclear within our

This journal is © The Royal Society of Chemistry 2025
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analysis and is still a controversial topic in literature.”®
For clarity of this manuscript, we restrict the discussion to
oxidation processes, sufficiently resembled using a single expo-
nential process.

The obtained surface exchange coefficients for oxidation are
shown in Fig. 4(a) for H2L and L2H processes for Ag-free and Ag
coated YBCO. We find thermally activated behaviour for all four
samples, following Arrhenius-type behaviour with apparent
activation energies, Ex. Throughout the analysed temperature
range and for both measurement directions, YBCO|Ag exhibits
faster kinetics, as compared to bare YBCO. The fact that the
simple decoration of the YBCO surface with Ag modifies the
oxygen incorporation rate, strongly suggests that the ORR for
the studied bare YBCO thin films is limited by surface reac-
tions, as reported previously in our work.?”

Silver is a well-known catalyst,”®”? and its efficiency to boost
the oxygen reduction and oxygen evolution reaction has been
previously demonstrated in literature following different
approaches, including the deposition of a thin Ag layer (as
performed in our work),”® using porous Ag current collectors,”*
and via core-shell nano-catalysts.”® Silver can be expected to
facilitate the ionization of O, by providing easy electron charge
transfer to the oxygen molecule and thereby lowering its dis-
sociation energy.”>’®’” This job sharing mechanism is
sketched in Fig. 4(c) and makes the reaction kinetically more
favourable, leading to faster exchange coefficients. While we
cannot exclude any potential influence of the sample prepara-
tion (photolithography, Ag sputtering) on the surface of YBCO,
we can exclude that the observed differences between YBCO
and YBCO|Ag samples are attributed to it, as both samples were
subject to the same procedure (as Ag electrodes were also
fabricated on the corners of the bare YBCO samples).

The dotted red line in Fig. 4(a) marks the approximate
boundary for the oxygen incorporation being limited by a
surface process. It is based on reported values for YBCO
diffusion coefficients,”® via Kjmic = Dehem/dgim- For higher kenem
values, bulk diffusion would start co-limiting the exchange process
and finally become the governing factor. We note, that also for the
silver coated 250 nm thick YBCO films the values fall below ki
Additionally, oxidation curves of YBCO|Ag can be well modelled
using a single saturation time over the full course of the relaxation
process, ¢f Fig. 3(d) and (e), including small times after the change
in atmosphere close to ¢ ~ 0, which would not be expected for a
diffusion (co-)limited process.®*® We therefore expect, that all
studied samples fall into the surface limited regime, including the
ones with catalytic Ag decoration.

Comparing the cooling (H2L) and heating (L2H) processes,
one finds a strong dependence for bare YBCO on the direction
of the temperature profile, in both magnitude of the observed
kenem(T) and apparent activation energies (switching between
0.7 and 3.4 eV), as further discussed at the end of this section.
For YBCO|Ag we obtain very similar results at high tempera-
tures for both measurement directions, with reasonably match-
ing kehem values and activation energies of about 1 eV. For the
H2L process, we find a second, higher apparent activation
energy regime at lower temperatures, with E, = of 1.8 eV.

J. Mater. Chem. C, 2025,13, 23107-23119 | 23111
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Fig. 3 Electrical conductivity relaxation measurements from high to low (H2L) temperatures for a YBCO|Ag specimen: (a) temperature and
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stages). (c) Conductivity as function of temperature. Note that this sample was cooled in oxygen rich atmosphere after growth and therefore does not

exhibit a strong feature around 300 °C, corresponding to the onset of

oxygen incorporation. Inset shows optical image of the sample holder.

(d) Oxidation step at 400 °C (marked with a rectangular in (b)), fitted using an exponential curve, with the corresponding data-fit deviation in (e).

Interestingly, for pristine YBCO (pink curves with circular
symbols) we find a crossing of the trend lines of the surface
exchange coefficients for the H2L and L2H measurements. This
means that at high temperatures the surface exchange coeffi-
cient of the H2L process (starting at high 7) is faster compared
to the L2H process, while at low temperatures we find the
opposite, with L2H possessing faster kinetics. Looking at H2L
and L2H processes individually we notice that the relative
difference in kcnem between silver coated and Ag-free YBCO is
smaller at the beginning of the measurements and increases
with annealing time. These observations suggest a deactivation
of the exchange kinetics of bare YBCO over time. Such a
phenomenon is commonly found for similar perovskite oxides,
which are frequently used as electrode materials in solid oxide
cell applications.>>>*7°

We studied these deactivation processes qualitatively
by performing consecutive isothermal reduction (blue) and

23112 | J Mater. Chem. C, 2025, 13, 23107-23119

oxidation (red) steps at 450 °C, while monitoring the evolution
of the conductivity, as shown in Fig. 5(a) and (b) for a fresh set
of bare and Ag decorated YBCO samples. Starting from fast
relaxation curves, the saturation times for reaching equilibrium
drastically increase for uncoated YBCO with increasing total
annealing time (indicated by going from light to dark colours),
Fig. 5(a). The faster kinetics of the oxidation processes, com-
pared to reduction steps, are primarily a consequence of the
higher pO, during the forward step. The oxygen pressure is a
process parameter for the ORR similarly to the temperature
and, thus, higher pO, (i.e. increased concentration of adsorbate
species) or higher T (i.e. reactants have higher kinetic energy)
result in enhanced chemical activity.

The temporal evolution of the surface exchange coefficient
for oxidation is depicted in Fig. 5(c), revealing a strong decrease
of almost two orders of magnitude within 17 h of annealing.
A very similar degradation rate was observed for YBCO samples

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) Arrhenius plot of surface exchange coefficient, kcnem, fOr oxidation steps from 5 to 1000 mbar of Ag-free (pink) and Ag decorated (cyan) CSD-
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of Ag pad into pum-sized islands (above 300 °C). (c) Expected role of the catalytic activity of silver by providing a job sharing mechanism for oxygen

incorporation.

grown by pulsed laser deposition, as discussed in the SI1. This
strong degradation could not be reverted by thermal treatments
at intermediate high temperature (600 °C), as shown in
Fig. S1(b).

A small deactivation is also observed for YBCO|Ag, however,
at a much lower rate. Silver therefore not only catalytically
enhances the oxygen exchange activity of YBCO (compare initial
kenem values at 3k s), but also prevents the degradation of its
kinetics.

On the other hand, the saturation conductivity values, 7,
obtained by raw data fitting, remain approximately constant
throughout the measurement for both sample types as well as
for oxidation and reduction processes, as shown in Fig. 5(d).
This means that the electronic structure is not deteriorated and
the thermodynamic saturation value is not modified, opposite
to the kinetic oxygen incorporation processes. Note that for
bare YBCO sample, saturation was not reached for all reduction
transients (within reasonable measurement time), due to the
drastically reduced activity. Therefore, the last oxidation steps
started from higher oxygen stoichiometries, which would cor-
respond to smaller steps in pO, and could slightly affect the
extracted kchem values for total annealing times above 30k s.
As drastic degradation was observed already before, this does
not impact our interpretation.

Based on our observations, we can propose a possible,
simplified ORR reaction mechanism, as shown in the reaction

This journal is © The Royal Society of Chemistry 2025

energy diagram in Fig. 5(e). In bare YBCO, oxygen incorporation
may be limited by either adsorption, ionisation and/or disso-
ciation of O,, which we can combine in the reaction mecha-
nism, M;, and leads to the (unknown) oxygen intermediate, {O}.
This transition state evolves further to reach the final oxygen
bulk level of O*7, possibly via additional ionization steps and
the recombination with a bulk vacancy and oxygen bulk diffu-
sion, summarized as M,. As schematically shown in Fig. 5(e),
the energy barrier of M; is higher than M,, therefore limiting
the overall reaction rate.

As silver coating can be thought to catalytically activate
oxygen adsorption, ionisation and/or O, dissociation, it pro-
vides a faster, alternative pathway, My, running in parallel to
M; with a strongly reduced energy barrier. In this case, M,
becomes the rate determining step for the ORR. If this is the
case indeed, the observed change in kinetic behaviour going
from a bare surface to Ag decoration should be independent of
the catalyst concentration (within a certain range). We have
tested and confirmed this, using two different Ag layer thick-
nesses as discussed in the SI2. Given the small film thickness,
small k.pem values (compared to kiimic as shown in Fig. 4(a)), the
observed single exponential decay for oxidation steps, and a
preliminary analysis of the reaction order of reaction rates®°
(a more thorough analysis is currently in preparation), we
anticipate that also for Ag coated YBCO a surface reaction is
limiting the overall oxygen incorporation rate. RDS candidates

J. Mater. Chem. C, 2025, 13, 23107-23119 | 23113
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for M, include surface diffusion processes of charged oxygen
species, (additional) ionization steps or the recombination of
an oxygen ion with a bulk oxygen vacancy.

To persuade the reader of the proposed reaction pathway
with respect to the observed ageing (i.e. the slowing of oxygen
exchange activity with time) behaviour, we can qualitatively
describe the situation using an electrical resistance analogue,
where the different mechanisms are represented by series and
parallel resistances, as shown in Fig. 5(f). Bigger resistances
correspond to higher energy barriers (and associated slower
kinetics). As for bare YBCO Ry, » Ry, the total resistance of
this reaction is determined by Ry, and the observed deactiva-
tion rate is linked to an increase in magnitude of Ry, with time.
In the case of Ag coated YBCO, Ry, is bypassed via the small
parallel resistance provided via the catalytic pathway of silver,
Ry The total resistance is thus governed by Ry, and our kinetic
measurements become sensitive to the degradation rate of Ry,
As the observed deactivation rates strongly differ, we speculate that
they are rooted in different chemical and/or structural processes.
However, it is highly challenging to identify the specific cause for
these degradation mechanisms, as manifold processes down to
the atomic level could play a role, including a restructuring of the
surface, chemical ageing, the build-up of surface contaminations,
etc., and a detailed analysis goes beyond the scope of this work.
A future study should be dedicated on potential mechanisms to
reverse the described degradation mechanisms, for instance using

2314 | J Mater. Chem. C, 2025, 13, 23107-23119

high temperature treatments under specific oxidising or reducing
conditions, or chemical surface treatments, such as etching to
restore pristine surface properties.

It becomes clear that the observed temperature dependence
of k.nem is affected by the ongoing degradation processes,
which superimpose an additional time dependence on the
measurement. The stronger the degradation rate, the more
severe is the deviation from a true Arrhenius behaviour and
thus reported activation energies are just apparent ones. Due to
ageing, H2L processes lead to larger apparent E, values, while
L2H measurements underestimate it, providing a possible
explanation for the strong deviation in observed activation
energies for pristine YBCO. The true E, for bare YBCO is
therefore expected to be in-between 0.7 and 3.4 eV, while the
value for YBCO|Ag is expected to be around 1 eV, as observed
for both measurement directions above 450 °C.

It is noteworthy, that qualitatively similar degradation phenom-
ena were observed in 200 nm thick YBCO thin films grown by
pulsed layer deposition,* suggesting that ageing phenomena are a
more general problem for YBCO surfaces, independent of the
synthesis routine. This calls for further detailed studies to provide
a clear picture of the origin of these processes.

3.3. Microstructural effects of oxygen treatments

We concluded our experimental work with the bulk analysis
using X-ray diffraction of YBCO thin films at two different

This journal is © The Royal Society of Chemistry 2025
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stages: as grown and after extended ECR analysis (post ECR).
The oxygen content strongly influences the structural para-
meters, including a tetragonal to orthorhombic phase transi-
tion and the shrinkage of the c-axis lattice parameter with
decreasing oxygen off-stoichiometry. To minimize associated
effects, the as grown sample was exposed to an oxygen rich
atmosphere during cooling (in contrast to the samples dis-
cussed in the previous sections), whereas the oxygen pressure
inside the furnace was increased to 1 bar below 600 °C.
In Fig. 6(a) we compare the same sample with similar overall
oxygen content, but different thermal history, i.e. just after
the deposition and after extended ECR analysis (post ECR),
which was performed between 350 and 600 °C with a total
annealing time of about 45 h. First, the data confirms the
epitaxial, c-axis oriented growth of YBCO on the SrTiO; single
crystal substrate, as we only observe the (00/) peak family of
YBa,Cu30,_; (Y123) in the diffraction pattern. No impurity
phases are detected. Second, the annealing does not lead to
broad shifts of individual reflections to different angles.
However, subtle changes are observed via the formation of
shoulders and small shifts in 26 of the Y123 peak family, as
magnified in Fig. 6(b) (marked with black arrows). A similar
XRD pattern evolution with thermal treatments was obtained
for thin YBCO samples grown by pulsed laser deposition
(PLD), as shown in Fig. S4.

A commonly found extended structural defect in YBCO is
the formation of CuO intergrowths, corresponding to the
YBa,Cu,05_; (Y124) phase, so called stacking faults (SF). The
Y123 stoichiometry is maintained, as the SFs are highly defec-
tive including numerous Cu and O vacancies in its vicinity.*
Due to the second CuO-chain, Y124 has a larger c-axis cell
parameter and correspondingly its (00) peaks are shifted to
lower angles, cf. violet bottom markers in Fig. 6(a) and (b).

View Article Online
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If this defect occurs in alternating stacking with Y123, the
Y,Ba,Cu,0;5_;s (Y247) superstructure is formed.®*5>5¢

In agreement with previous reports,®”° we do not observe
the occurrence of coherent reflections of the Y124 phase.
However, the observed shoulders correspond to the Y247 (00[)
reflections, as can be seen in Fig. 6(b), suggesting the presence
of defected regions in the YBCO matrix with an additional
second CuO-chain. Furthermore, and as graphically demon-
strated in Fig. 6(c), we systematically detected a small 26 shift of
the Y123 peaks after the thermal process (black crosses)
towards the closest Y124 reflection (direction indicated with
arrows). Note that the pink arrows mark the direction of the
closest Y124 peak, not necessarily the one with the same miller
indices.

This oscillating positive and negative shift is another hint
towards the formation of stacking faults, as confirmed by TEM
cross section characterisation, given in Fig. 6(d). We find a high
density of additional and extended Y124 intergrowths, easily
identified due to their high contrast (marked by arrows).
A comparison with a pristine CSD-grown YBCO thin film can
be found in Fig. S4(c) and (d). These defects were observed
independent of Ag coating and thus are not expected to
influence the strong deactivation of the surface kinetics
observed exclusively for Ag-free YBCO samples. However, the
formation of stacking faults in close proximity to the surface
may indeed cause a chemical reconstruction of the surface due
to the extra Cu needed for the formation of the Y124 structure,
with associated high cationic defect concentrations in its
vicinity and further studies on direct and indirect effects of
stacking faults on the oxygen kinetics of the material should
be attained. Additional, SFs influence the pinning behaviour
in the superconducting state, which can be either beneficial
or detrimental, depending on their density and length, the
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Fig. 6 XRD analysis of as deposited sample and specimen after extended thermal cycling (post ECR). Full range (a) and magnified region (b) of the X-ray
diffraction spectra. (00l) reference phases for YBa,CuzO7_s (Y123),8! YBa,Cu4Og_; (Y124),82 and Y,BasCu;O1s_5 (Y247)8 are marked at the bottom. Black
arrows in (b) indicate the appearance of a shoulder corresponding to the Y247 reflections. (c) Y123 (00!() peak shifts in 20 after annealing compared to as
deposited state. The oscillating curve is a guide to the eye. Pink arrows mark the direction of the closest Y124 peak. (d) TEM image of post ECR YBCO

sample. Arrows indicate the presence of Y124 intergrowths.
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operation temperature and external magnetic field conditions
(strength and orientation).®®®® Therefore, their formation
during (long) thermal annealing processes (in oxygen rich
environment) has to be taken into account for the optimization
of superconducting properties.

4. Conclusions

We analysed the oxygen surface kinetics of YBCO thin films
grown by chemical solution deposition using electrical con-
ductivity relaxation measurements. Oxygen incorporation in
pristine YBCO was found to be activated already at low tem-
peratures (~320 °C), however, suffers from rapid degradation.
Surface decoration using Ag micro-islands catalyses oxygen
surface reactions, shifts its onset to lower temperatures and
protects from deactivation via an alternative oxygen incorpora-
tion pathway based on a job-sharing mechanism. Our findings
suggest that oxygen incorporation in all studied thin films is
limited by surface reactions and we propose a possible, simpli-
fied reaction pathway scenario. Additionally, we observed the
formation of extended bulk defects in the form of long CuO
stacking faults after extended thermal cycling. It is therefore
important to establish a well-designed oxygenation process in
terms of temperature and time to allow for good superconduct-
ing properties at reduced processing costs and avoid potentially
undesired materials degradation processes, highlighting its
relevance for both, the academic and industrial superconduc-
tivity community.
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