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Metal exsolution reactions enable the preparation of metal-oxide nano-composites from oxide parent
materials in a single thermal reduction step. In this process, reducible metals are released from the
doped oxide and nucleate in the form of finely dispersed, supported nanoparticles. A reversible
exsolution and re-dissolution reaction could provide an effective way to regenerate catalysts, where the
surface structure and functionality dynamically adapt to the ambient gas environment. However, the
reversibility of exsolution reactions is often limited. We investigate reversibility limitations in the niobium
and nickel co-doped perovskite SrTigos_xNbg 0sNixOz_5 with varying Ni doping concentrations between
x = 0.005-0.1. Combined morphological, structural and chemical analyses of the material response
upon consecutive thermal treatments in reducing and oxidizing environments reveal a non-correlated
bulk and surface response of the material upon redox treatment. While the bulk structural changes are
mostly reversible, no re-dissolution of the exsolved surface nanoparticles is detected for the investigated
time—temperature window (T = 800 °C, t = 5 h for reduction and reoxidation, respectively). Instead,
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1 Introduction

Nanostructuring of electrode materials is an effective strategy to
tailor their electrochemical functionality and to improve the
performance of energy conversion devices such as solid oxide
cells.’”® However, nanostructured electrodes are challenging to
manufacture due to the high processing temperatures of solid
oxide cells, which leads to severe particle coarsening and
growth. The idea of “self-regenerating” catalysts on the basis of
reducible metals that reversibly occupy either the B-sites of
perovskite host oxides or nucleate in the form of dispersed
nanoparticles at the oxide surface was introduced by Nishihata
and co-workers as an innovative strategy to counteract nano-
particle coarsening and poisoning.* Later, particularly Neagu
et al. refined and popularized the synthesis of homogeneously
dispersed, supported nanoparticles by thermal reduction of
doped perovskites coining the term metal exsolution.® The
concept of metal exsolution enables the generation of metallic
nanoparticles under the reducing operation conditions of the
fuel electrode, which may serve as catalytic centers for the
electrochemical conversion reaction.*” For this purpose, oxide
parent materials - oftentimes donor-type perovskite host
materials - are co-doped with catalytically active and reducible
metals. Under a reducing thermal treatment, a fraction of
surface-near metal dopants is released to the oxide surface
where they nucleate in the form of metal nanoparticles, while
others remain buried in the oxide matrix.*** Besides the
simplicity of the synthesis concept, the extraordinarily homo-
geneous distribution and controllable density of the generated
exsolution nanoparticles are beneficial for the design of high-
performance fuel electrode materials.

Of particular interest is that the exsolution process was re-
ported to be reversible**'** or partially reversible’®” in some
cases, which may offer the possibility to reactivate the catalysts
in the case of deactivation by coking, sulfur poisoning or
coarsening of the nanoparticles by re-dissolution of the metallic
phase within the oxide host under oxidizing thermal treatment
and repeated exsolution under reducing operation conditions.
Reversible metal exsolution reactions would hence promise
considerable technological advances, extending the lifetimes of
catalysts by regeneration upon redox cycling to prevent a loss in
electrochemically active triple phase boundaries. However, not
all exsolution-active perovskites exhibit a reversible exsolution
response.'®?° Here, several reports point out that the exsolved
nanoparticles may remain pinned to the perovskite surface
during the reoxidation of the material.

A large structural and chemical variety of exsolution-active
materials and a broad range of processing conditions are pre-
sented in the literature.”*** The reasons for reversibility limi-
tations of metal exsolution reactions, hence, can be manifold
and may be specific to the respective material system. A brief
overview of exemplary literature references that address
reversibility and reversibility limitations of exsolution reactions,
summarizing the respective material compositions, sample
properties, annealing conditions and the applied methodology
is given in Table S1 in the ESI.{ In the present study, we aim to
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discuss the reversibility limitations observed for doped stron-
tium titanate, which was demonstrated as a candidate for the
development of alternative electrode materials for solid oxide
fuel cells.?*® To date, most studies on this matter have been
conducted using ceramic oxides with complex micro- and nano-
structures (¢f Table S1}). Ceramic oxides typically exhibit
comparably rough surfaces, a high degree of chemical and
structural anisotropy as well as a high density of extended
defects such as grain boundaries. In contrast, we employ
epitaxial thin films with single-crystal character and atomically
flat surfaces enabling the high-precision analysis of nano-
particles during nucleation and redox treatment. Our study
hence focuses on the redox response of exsolution catalysts at
the “single-grain” level, whereas grain boundaries that may
serve as fast diffusion pathways are not present in our samples.

For this purpose, ceramic oxide pellets are synthesized,
which are applied as target materials for the pulsed laser
deposition (PLD) of high-quality epitaxial thin films of
SrTig.05_xNbg 05Ni,O3_s with varying Ni doping concentrations
between x = 0.0-0.1 (STNNix). The thin films are employed as
model systems for annealing studies. The material response is
investigated upon consecutive reducing and oxidizing thermal
treatments with respect to the morphological, structural and
chemical evolution of the perovskite and the nanostructured
metal-oxide composite, respectively.

2 Results & discussion
2.1 Structural evaluation of ceramic STNNix pellets

Fig. 1 shows X-ray diffraction (XRD) patterns obtained from sin-
tered ceramic STNNix pellets with a Ni doping concentration in
the range between x = 0.0-0.1 (air, 7= 1200 °C, ¢t = 12 h). The Nb
doping level was kept constant for all STNNix compositions. The
material system crystallizes in the perovskite structure, where
Rietveld refinement of the diffraction patterns (¢f. Fig. S1 and S2
in the ESIt) reveals lattice parameters of a = 3.910-3.913 A, i.e.
increased values with reference to undoped SrTiO;_; (STO) with
a nominal lattice parameter of a = 3.905 A.> Independent of the
Ni doping level x, however, no systematic shifts in the position of
the diffraction peaks can be observed in comparison to the purely
Nb-doped material (x = 0.0). The observed lattice expansion of
the STO crystal lattice hence appears to be mainly induced by Nb
doping®*** and is in good agreement with the larger ionic radius
of Nb(v) cations (r = 0.64 A) relative to the Ti(iv) cations (r = 0.605
A). As a multivalent cation, Ni dopants may be present in
different oxidation states with the corresponding ionic radii of
Ni(m) (r = 0.69 A), Ni(m) (r = 0.60 A) and Ni(v) (r = 0.48 A). Since
no systematic expansion or decrease in the lattice parameters is
detected across the Ni doping series (x = 0.0-0.1), it is likely that
Ni dopants occupying the B-sites of the STNNi perovskite to
a large extent are present in an oxidation state of Ni(ur) with
similar ionic radius to the Ti(v) host cations.?* Therefore, lattice
expansion due to steric effects may be negligible, albeit electro-
static modifications of the crystal lattice involved in chemical
doping may be expected to induce a systematic variation in the
lattice parameter of the perovskite oxide depending on the Ni
substitution level. The exact influence of chemical doping on the
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structural properties of the perovskite lattice, however, depends
on the complex defect structure of multi-cation perovskites. For
instance, charge compensation of Nb dopants can be accom-
plished electronically or ionically, where the formation of
Srvacancies may compete with the compensation by lower valent
Ni(m) dopants under the applied oxidizing synthesis
conditions.*>**” In addition, Nb-substitution may result in the
formation of Ti(u) valence states (r = 0.67 A)*> which contributes
to the expansion of the crystal lattice. This effect might, however,
be partially compensated for by Ni doping and depends on the
extent of Ni incorporation into the lattice, whereas the charge of
the Ni acceptors can, in principle, be compensated for by the
formation of oxygen vacancies in perovskite oxides, which can
induce considerable changes in the structural properties of the
material.***

The finding of a non-measurable systematic change in the
structural properties of the STNNix doping series may hence
point towards finite dissolution of the Ni dopants within
the crystal lattice as revealed in our previous work on
SrTig.oNDbg.g5Nig.0503_5 (i.e. x = 0.05),® where the dopants
might either segregate to grain boundaries of the ceramic
oxide or form separated nano-phase inclusions. Notably, the
low dopant concentration and nanometre size of the sepa-
rated phases result in small X-ray coherence lengths, which
are likely to prevent detection by XRD.* Here, significant
broadening of the XRD peaks will render the nano-phases
non-detectable as the signals may disappear in the
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Fig. 1 X-ray diffraction analysis of sintered ceramic pellets of
SrTig.os_xNbg osNixOs_5 with systematically varying Ni doping
concentrations between x = 0.0-0.1. No secondary phases are
detected between x = 0.0-0.05, while a minor NiO signature
becomes visible for x = 0.1 (red rhombi). Miller-indices assigned to the
respective diffraction peaks of the perovskite oxide are given in the
figure. Figure was modified from the ESI of ref. 8. A small contribution
of Cu-Kg radiation is denoted by asterisk 1. Shoulders visible in close
proximity to diffraction peaks originate from spectral features of the
primary radiation that result from passing the Ni-Kg filter on the
primary beam side, due to its characteristic absorption edge. The
artefacts are exemplarily denoted by asterisk 2 for the peak of
maximum intensity.
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background signal of the main phase. A minor NiO secondary
phase becomes apparent on the logarithmic intensity scale
solely for the highest doping concentration of x = 0.1. Here,
quantitative phase analysis of the diffractogram by Rietveld
refinement reveals a NiO secondary phase of ~0.4 wt%.

It is likely that the Ni dopants partly dissolve within the
perovskite lattice and partly remain in the form of a secondary
phase across the STNNix series, while the Nb dopants fully
dissolve within the perovskite lattice. Consequently, the present
material system is most probably not an ideal solid solution
parent perovskite, but the dopant distribution varies with
respect to the crystallographic sites of the perovskite host lattice
and at the grain boundaries of the ceramic oxides or in the form
of other extended defects such as nano-inclusions. In terms of
design strategies for exsolution catalysts it is important to note
that similar inhomogeneities are likely to occur to a certain
degree for many material systems (for example shown else-
where'®), which can have a significant impact on the defect
engineering approaches that need to be applied to control
exsolution reactions.>®

2.2 Epitaxial growth and characterization of STNNix thin
film model systems

Epitaxial thin film model systems with well-defined surface
morphology and a controlled thickness of 50 nm were synthe-
sized for detailed studies of the materials redox response. The
thin films of varying Ni concentrations were deposited by
employing the ceramic STNNix pellets as targets for reflection
high-energy electron diffraction (RHEED)-controlled PLD. Here,
equal deposition conditions were applied for all Ni doping
levels x, resulting in a layer-by-layer growth mode and compa-
rable deposition rates (Fig. 2a). Investigations of the surface
morphology by atomic force microscopy (AFM) reveal a defined
step terrace structure for the as-deposited thin films, repre-
sentatively shown for x = 0.1 in Fig. 2b and for all thin films
with x = 0.0-0.1 in the ESI (Fig. S3 and S4).f A low root mean
square (RMS) surface roughness with values in the range
between RMS = 171-334 pm was detected for the epitaxial
model systems.

High-resolution X-ray diffraction analysis (HR-XRD) was
performed to compare the structural properties of the thin
films. Fig. 2c shows the diffraction patterns obtained from the
as-prepared thin films, where a broader thin film diffraction
signal is visible in close vicinity of the sharp (004) diffraction
signal of the STO substrate, respectively. In addition, distinct
Laue oscillations are visible, indicating high crystallinity and
coherence of the epitaxial layers and the top and bottom
interfaces. Remarkably, and in contrast to the ceramic oxides,
a systematic shift of the position of the thin film peak towards
smaller diffraction angles is apparent for the epitaxial STNNix
thin films (Fig. 2¢), corresponding to an expansion of the out-
of-plane c-lattice parameter of the crystal lattice with
increasing Ni doping level x (Fig. 2d). It is worth pointing out
that the in-plane qg-lattice parameter is constrained with
respect to the lattice parameter of the substrate due to the
epitaxial character of the STNNix-to-STO interface. As can be

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Pulsed laser deposition and characterization of 50 nm thick, [001]-oriented epitaxial STNNix thin films with different Ni doping levels x =
0.0-0.1 deposited on (100) STO single crystal substrates. (a) RHEED intensity evolution during the initial PLD of STNNix. (b) Representative
surface morphology of STNNix thin films, exemplarily shown for x = 0.1. (c) X-ray diffraction analysis in the vicinity of the (004) diffraction signals
of the STO substrate and respective thin films. The structural properties of three samples that were deposited under equal conditions are
compared for x = 0.1, where a partial relaxation of the STNNi crystal lattice is apparent. (d) Dependence of the c-lattice parameter on the Ni-
doping level x derived from the (004) diffraction peak positions shown in (c). (e) Schematic illustration of the expected structural evolution of the
epitaxial STNNix thin films. Ni doping of the perovskite oxide is expected to result in an enrichment of Ni in the perovskite structure and for larger
doping levels x in the form of phase-separated, embedded nanostructures.

seen, the STNNix c-lattice parameter increases monotonically
with an increasing Ni concentration, while a considerable
deviation from the trend is apparent for high doping
concentrations of x = 0.1 (Fig. 2d).

As we have depicted in our earlier publication,® the structural
evolution of the STNNi thin films is not only related to the
substitution of the Ti B-site cations by Ni dopants, but is
additionally influenced by the spontaneous formation of verti-
cally aligned nanostructures (VANs).**> While the presence of
minor amounts of separated Ni-rich nano-phases will not
influence the structural properties of ceramic oxides, the
vertical alignment and related interfacial superstructure of the
embedded nanostructures with the perovskite host lattice will
considerably influence the structural properties of the epitaxial
perovskite layers. This is due to the specific structural rela-
tionship between the minority phase (VANs) and the majority

This journal is © The Royal Society of Chemistry 2023

phase (perovskite host lattice), where a domain matching
mechanism results in the formation of a semi-coherent vertical
interface as we have demonstrated at the atomic scale for a Ni
doping concentration of x = 0.05.*> Consequently, a large
portion of the observed lattice expansion is related to elastic
deformation of the host lattice in order to compensate for the
residual misfit of the semi-coherent interface between the host
and the embedded phase. The total interfacial area and there-
fore the volume fraction of the embedded phase, which is
presumably somewhat proportional to the doping level x, are of
particular importance for the structural properties of the
material system.*" As discussed above, point defects such as
cation vacancies may cause an additional expansion of the
perovskite lattice.**** For large dopant concentrations, misfit
dislocations were reported to form at the vertical interface
between the host phase and the embedded VANs resulting in

J. Mater. Chem. A, 2023, 11, 17718-17727 | 17721
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partial relaxation of the crystal lattice.** For STNNi with x = 0.1
most probably partial relaxation of the host lattice becomes
apparent by a deviation from the linear relationship between
the doping level x and the c-lattice parameter, as depicted by
comparing the measurements of the three samples that were
deposited under equal conditions.

Fig. 2e illustrates schematic cross sections of epitaxial
STNNix thin films, depicting the expected structural evolution
of the samples with increasing Ni doping level x. At low doping
concentrations, Ni dopants may be preferentially accommo-
dated by dissolution within the perovskite crystal lattice,
whereas larger Ni concentrations are likely to result in
progressive phase separation and assembly of Ni-rich VAN,
which are embedded within the perovskite host lattice. In
consequence, the out-of-plane lattice parameter in epitaxial
STNNix thin films is determined using a variety of entangled
parameters, namely the epitaxial strain at the horizontal thin
film-to-substrate interface, the effective concentration of
extrinsic Ni and Nb dopants and the interfacial area of the
vertical interface between the perovskite host and the
embedded nanostructures. In addition, cation and oxygen point
defects as well as extended defects such as misfit dislocations
will impact the average lattice parameter derived from XRD
investigations.

2.3 Redox behavior of exsolution-active STNNix thin films

In order to investigate the exsolution behavior and reversibility
of the exsolution reaction in STNNix, consecutive reducing and
oxidizing annealing experiments were performed at T = 800 °C,
comparable to typical operating temperatures of solid oxide fuel
cells, to study the material response. Here, the smooth
morphology of the (001) epitaxial thin film surfaces allows to
study the nanoparticle exsolution behavior with high precision.
Redox studies on the basis of the Nb:STO (x = 0.0) reference
sample are not further discussed as the material shows degra-
dation under oxidizing conditions (¢f Fig. S31). After thermal
reduction of the samples (4% H,/Ar gas flow, T = 800 °C, t =5
h), the nucleation of finely dispersed nanoparticles is detected
by AFM (c¢f Fig. S4t), where a monotonic increase in the
nanoparticle density is visible for an increasing Ni doping level
x (Fig. 3a, green line). It is worth noting that a considerable
deviation from the monotonic trend in the nanoparticle density
is visible for a maximum Ni concentration of x = 0.1, which
coincides with the partial relaxation of the as-prepared perov-
skite host lattice linked to the formation of misfit dislocations
(¢f Fig. 2c and d). Accordingly, the nanoparticle density is
approximately proportional to the Ni doping level x in the range
between x = 0.005-0.05 but drops for x = 0.1 relative to the
monotonic trend. This observation indicates that the nano-
particle yield, achievable by successive doping of the parent
perovskite is limited, presumably due to increasing inhomo-
geneity of the dopant distribution within the host lattice and
the associated incorporation of extended defects that are ex-
pected to moderate the embedment of large volumes of phase-
separated VANs.
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As can be seen in Fig. 3b, the thermal reduction step is
accompanied by a decrease in the c-lattice parameter of the host
lattice, as derived from a shift of the (004) thin film diffraction
peaks towards larger diffraction angles (¢f Fig. S5t). The
structural changes may be interpreted as a consequence of the
release of Ni dopants onto the perovskite surface upon thermal
reduction; however, the exsolution response is strongly limited
to the surface region.>'*'®¢ Furthermore, the degree of the
decrease in the c-lattice parameter appears not to be directly
correlated to the doping level x. In fact, large changes in the
lattice parameters are only visible for larger doping levels of x =
0.05 and x = 0.1, while only a minor lattice shrinkage is
apparent for thin films with x =< 0.03. Therefore, changes in the
c-lattice parameter after the thermal reduction treatment are
likely to be related to secondary processes. Most importantly,
changes in the superstructure of the semi-coherent interface
lattice may result in modifications in the average perovskite
strain state due to the transition of the embedded phase
between NiO, and Ni metal.? A strong decrease in the c-lattice at
larger doping levels x hence might be related to an expected
greater share of Ni dopants present in the form of VANs (cf
Fig. 2e). Consequently, the lattice parameter is not a suitable
indicator for the interpretation of exsolution reactions in
epitaxial thin films as it can be strongly affected by secondary
processes that impact the bulk structure. The exsolution of
surface nanoparticles, relevant for catalysis, hence should be
regarded as largely independent from the bulk structural
changes.

The thin film diffraction peaks are detected close to their
initial position after thermal reoxidation of the STNNix samples
(air, T = 800 °C, ¢t = 5 h), again except for STNNix with x = 0,1
(Fig. 3b). While the bulk structural modifications appear to be
mostly reversible upon reoxidation for x = 0.05, the exsolved
nanoparticles for the greater part remain stable at the surface
(Fig. 3a, purple line). Here, only minor changes in the nano-
particle density are detected with respect to the applied lower
threshold of 1 nm with respect to the nanoparticle height. This
finding implies that, although the bulk properties may revers-
ibly adapt to the reactive gas environment, the exsolved nano-
particles do not or only to a limited extent re-dissolve within the
host lattice during the applied time-temperature window of
thermal oxidation. This is also the case for very low Ni doping
concentrations x, where the formation of phase-separated VANs
is likely to be negligible and Ni dopants are expected to be
homogeneously dissolved within the parent perovskite.

In the following, the redox response of STNNix will be dis-
cussed in more detail on the basis of SrTi; gNbg 5Nip 05035 (X =
0.05). Notably, a reversible lattice decrease and expansion were
detected after reduction and reoxidation for this specific stoi-
chiometry. The nanoparticle density, however, only slightly
decreased after reoxidation (¢f data points highlighted using
yellow boxes in Fig. 3a and b). Detailed AFM images of the
surface morphology comparing the reduced and the reoxidized
states are shown in Fig. 3c. Although only minor changes in the
nanoparticle density were detected on the basis of 5 x 5 um?
scans (Fig. 3a), distinct morphological changes of the nano-
structured surface became apparent on smaller length scales.

This journal is © The Royal Society of Chemistry 2023
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atomic force microscopy using a lower threshold of 1 nm. The error bars denote the standard deviation of average values obtained by the
measurement of three different 5 x 5 pm? scans. (b) Out-of-plane c-lattice parameter of the as-prepared, reduced and reoxidized thin films
determined from the position of the (004) diffraction peak obtained from STNNix thin films (x = 0.005-0.05). (c) Atomic force microscopy
images of STNNix (x = 0.05) in the reduced and in the reoxidized states. A single particle image cut from the larger scans is shown as the inset
image, respectively. (d) Frequency distribution of the maximum height of exsolved nanoparticles after reduction and reoxidation determined on
the basis of three 5 x 5 um, scans. For (a—d) the reduction step was performed ex situ in continuous flow of a 4% H,/Ar gas mixture at T =800 °C
while the reoxidation step was performed in air at T = 800 °C. (e) Ambient-pressure X-ray photoelectron spectroscopy of the Ni 3p-Ti 3s core-
level region obtained from STNNix (x = 0.05). The core-level signature is compared in situ after consecutive oxidation, reduction and reoxidation
steps at different temperatures. The hydrogen and oxygen partial pressures were p(H,) = 0.5 mbar and p(O,) = 0.5 mbar. The binding energies of
all spectra were aligned to Ti 2p = 458.4 eV and a Shirley-type background was subtracted. (f) Relative Ni 3p/Ti 3s peak area ratio derived from (e)
based on deconvolution of the spectra by peak fitting as specified in the ESI.{ Yellow boxes in (a and b) highlight data points obtained from

STNNix (x = 0.05). Dashed lines serve as a guide for the eye.

While initially spherical nanoparticles are exsolved under
reducing conditions, the particles have a faceted appearance
after reoxidation, which can be attributed to the oxidation of Ni
to rock-salt NiO.**” Furthermore, a large share of the nano-
particles appear to be decreasing in height, which is also re-
flected by the frequency distribution of the nanoparticle height
shown in Fig. 3d. As can be seen, the nanoparticle population
consists of a larger percentage of smaller nanoparticles below
z = 3 nm while the share of nanoparticles in the range between
z = 3-7 nm has decreased. Here, we expect several competing
processes to influence the nanoparticle height. Partial re-
dissolution (if any) may result in a loss of metal cations and
hence a decrease in the average nanoparticle size. Furthermore,
the wetting behaviour and correlated contact angle between the
metal nanoparticle and oxide support are likely to considerably
differ from the properties of the oxidized nanoparticles and the
oxide support. Increased wetting i.e. decreased contact angles at

This journal is © The Royal Society of Chemistry 2023

the oxide-oxide interface will presumably result in a decrease in
the average nanoparticle height. In contrast, oxidation of Ni to
NiO is related to a volume expansion causing an increase in the
nanoparticle size. If these entangled processes result in a net
increase or decrease in nanoparticle height may be material
specific. In our system it is apparent that an average decrease is
resulting from the reoxidation step.

The morphological changes imply a dynamic response of the
Ni chemistry during reoxidation, which was further characterized
by ambient-pressure X-ray photoelectron spectroscopy (AP-XPS).
To study the chemical evolution of the near-surface region, the
Ni 3p-Ti 3s core-level region was recorded upon reduction and
subsequent reoxidation (cf Fig. S8 and S97 for O 1s, Ti 2p, Sr 3d
and Nb 3d states). In order to vary the surface sensitivity,
a photon energy of E;, = 680 eV corresponding to an inelastic
mean free path (IMFP) of IMFP ~1.37 nm and E, = 900 eV
corresponding to an IMFP ~1.72 nm was applied for the analysis.
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The evolution of the core-level signature, obtained at room
temperature after five consecutive annealing steps in reactive O,
and H, gas environments, is shown in Fig. 3e. Here, the binding
energies of all spectra were aligned with respect to the Ti 2p
position B.E. = 458.4 eV in order to compare relative peak shifts
between Ti and Ni and to correct for space charge induced peak
shifts upon change in ambient atmosphere.'®**° First, a mild
annealing step in oxygen was performed to desorb carbon species
from the surface. The Ni 3p doublet gives rise to a slightly
asymmetric peak at higher binding energies relative to the Ti 3s
signal. Subsequent reduction of the sample results in a relative
shift of the Ni 3p signal towards the Ti 3s peak indicating the
formation of metallic surface species, which is correlated to the
exsolution of Ni nanoparticles. Notably, the enrichment of Ni at
the surface is less pronounced than that demonstrated in our
previous study,® which can be attributed to the oxidizing pre-
treatment'® and the lower hydrogen partial pressure applied
during reduction of the sample.

Reoxidation of the sample was performed by annealing in
oxygen gas in three consecutive steps with increasing temper-
atures of T= 300 °C, T =400 °C and T = 500 °C. As can be seen,
the first oxidation step results in a reverse shift of the Ni 3p peak
to higher binding energies, indicating partial oxidation of the
metal nanoparticles, while a low binding energy shoulder
remains present. The following oxidation steps, however, result
not only in a shift to the initial binding energy, but also in
a significant increase in the relative intensity between the Ni 3p
and Ti 3s signals. While a similar trend can be seen for the two
different information depths, the detected chemical changes
are much less pronounced for larger information depths (¢f.
Fig. 3e versus S67). The corresponding evolution of the Ni oxide
and Ni metal components, derived from the deconvolution of
the Ni 3p-Ti 3s core-level region by peak fitting, is shown in
Fig. 3f (¢f. Fig. S77 for details on the peak fitting model). As can
be seen, a Ni-rich surface is formed under oxidizing conditions,
which is in line with previous reports describing the formation
of extensive surface phases by exsolved metal species upon
reoxidation™'” and observations of the metal enrichment of the
near-surface region of the perovskite upon redox cycling.*

The oxidation of metallic Ni nanoparticles to NiO is expected
to be accompanied by both a change in the particle volume and
a decrease in the relative number of Ni atoms probed by XPS
due to the dilution with oxygen anions. Due to the complex
geometry of the nanostructured surface, it is challenging to
predict the net change in the Ni coverage. Since the relative Ni
concentration, however, increases by a factor of almost three,
we assume that the fragmentation of the nanoparticles and
surface diffusion of ionic Ni species result in increased surface
wetting under oxidizing conditions which is frequently
observed for metal particles on oxide supports.>~* Nanoparticle
fragmentation and surface diffusion of Ni ions could be
a crucial step in reversible exsolution catalysts given the fact
that ionic species need to be incorporated into the perovskite
structure.

It is likely that reversibility limitations, i.e. irreversibility
or significant differences in the timescales of exsolution and
re-dissolution of the metal species are a direct result of
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thermodynamics and kinetic limitations. The driving force
for metal exsolution is the change in Gibbs free energy AG
and is associated with a decrease in the entropy of the system
due to demixing of the multi-cation perovskite oxide. Upon
reoxidation, slow metal re-dissolution competes with the
rapid oxidation of the metallic nanoparticles. In conse-
quence, the oxidized nanoparticles and the perovskite oxide
support are in quasi-equilibrium, while both are stable at
high oxygen partial pressure. In contrast to the exsolution
step, the rapid reoxidation of metal nanoparticles at the
perovskite support renders predictions of the thermodynamic
driving force for metal re-dissolution on the basis of Gibbs
free energy AG values difficult. Nanoparticle re-dissolution is
associated with an increase in entropy. Hence, it could
conceivably be hypothesized that the reversibility of exsolu-
tion reactions towards a full recovery of the original parent
oxide is typically limited by thermodynamic and kinetic
boundary conditions causing a considerable offset between
the required exsolution and re-dissolution time-temperature
window. It remains unclear to what extent the thermody-
namic and kinetic boundary conditions can be fulfilled under
operation conditions of a working solid oxide cell. High
temperatures that are close to the synthesis conditions of the
parent oxide or long reoxidation times, typically not feasible
to be applied in operational devices, may be required to
achieve a full regeneration of exsolution catalysts.

Most importantly, the incorporation of the exsolution-active
cations must be energetically favourable in comparison to the
co-existence of the oxidized nanoparticle phase (e.g. binary
oxide) at the perovskite parent surface. Moreover, a sufficient
physical or chemical gradient is required to provide for suffi-
cient reaction kinetics promoting indiffusion of cations into the
perovskite host lattice. If a sufficient physico-chemical gradient
promoting the incorporation of cations back into the perovskite
host oxide is present, a high cation mobility within the perov-
skite lattice may be beneficial for the reaction kinetics. Notably,
the orientation-specific properties of exsolved nanoparticle
populations (e.g. size and special distribution), which have been
shown to be related to anisotropy in the interfacial energy
between metal species and different crystallographic planes®**”
as well as surface reconstructions,*® may further influence the
re-dissolution kinetics. Here, small and finely dispersed nano-
particles may be favourable for metal re-dissolution within the
perovskite lattice, if a sufficient physical or chemical gradient is
present to promote incorporation.

Furthermore, defect structures and their associated charge
and strain fields play a significant role in moderating metal
exsolution reactions.>*'*>% For instance, the mass transport of
exsolution-active dopants to the surface by ionic diffusion
results from the concentration gradient that forms between the
surface and the sub-surface region, where the exsolution
kinetics of surface nanoparticles is strongly entangled with the
defect chemistry of the perovskite host lattice.’* The dynamic
formation of space charge regions results in a p(O,)-dependant
redistribution of the point defect distribution under oxidizing
and reducing conditions, which moderates the exsolution
reaction.

This journal is © The Royal Society of Chemistry 2023
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For materials of low redox stability, increasing point defect
concentrations result in an increased probability of interactions
between the charged defects (electrostatic and strain interac-
tions), which may finally result in the formation of defect
structures of higher dimensions.** Sample annealing at elevated
temperatures, hence, can be associated with significant modi-
fications of the defect structure and surface chemistry®*>*® and
may result in irreversible material changes that may hinder the
indiffusion of exsolved species upon reoxidation. Therefore,
fully reversible changes of the underlying defect structure of the
perovskite parent upon reduction and reoxidation may be
required to realize reversibility in exsolution catalysts.

Observations of a limited exsolution reversibility cast doubt
on the feasibility of smart catalysts that passively adapt with
respect to the redox environment by dynamically switching
between a single perovskite phase and a nanostructured
composite. Interestingly, indications for (partial) reversibility of
metal exsolution reactions have so far only been reported for
ceramic oxides with large densities of grain boundaries (¢f.
Table S1t) or, to a very small extent, for defect-rich thin
films."®*¢ However, it remains unclear if reversible exsolution
and re-dissolution upon redox cycling are possible across
a coherent crystal surface with a low concentration of defects.
We therefore recommend complementing studies of real-world
but structurally complex ceramic catalysts with studies on well-
defined epitaxial thin film model systems to further the
understanding of reversibility limitations in exsolution cata-
lysts. Moreover, it is necessary to use multimodal analysis
approaches that provide complementary surface and bulk
information (chemistry, structure, and morphology) in order to
reduce the risk of delusive interpretation of the findings. For
instance, it was reported that despite morphological changes
being detected, i.e., the absence of spherical nanoparticles after
reoxidation, hard-to-detect metal-rich phases may remain at the
surface.” Furthermore, a reversible change in the spectroscopic
signature may be observed, but it may not be directly correlated
to the exsolution and re-dissolution of catalytically relevant
surface nanoparticles.*'®*® Alternatively to a reversible exsolu-
tion and re-dissolution process, catalyst regeneration may be
possible if extraordinarily stable nanostructured catalysts can
be synthesized via metal exsolution. Here, supported (pinned)
nanoparticles may be repeatedly reduced and oxidized during
redox cycles, while the nanoparticle density is preserved.

3 Conclusions

We have investigated reversibility limitations in the metal
exsolution response of nickel in STNNix perovskites. The bulk
structures of ceramic oxide pellets and epitaxial thin films of
SrTig 95 xNbg 0sNi, O3 5 with systematically varying Ni doping
levels x = 0.005-0.1 exhibit distinct differences with respect to
the structural characteristics of the host lattice pointing
towards an increasing dopant inhomogeneity with increasing
doping levels. The bulk structure of the epitaxial thin films
responds dynamically to thermal reduction and reoxidation (for
x = 0.05); however, the magnitude of the structural changes
upon reduction appears not to be proportional to the doping

This journal is © The Royal Society of Chemistry 2023
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level x. While the nanoparticle density that exsolves at the
perovskite surface monotonically correlates with the doping
concentration, the bulk and the surface responses appear to be
mostly independent. Here, reoxidation results in fragmentation
of the nanoparticles and increased surface wetting of the
perovskite surface by the exsolved species, which goes along
with a particle reconstruction towards a faceted shape and
reduced average particle height. We presume that the nano-
particle re-dissolution is limited by the thermodynamic and
kinetic boundary conditions, where high temperatures and long
reoxidation times relative to the energetically favorable exsolu-
tion of metal dopants may be required.

4 Experimental

The ceramic PLD targets with different Ni-doping levels were
synthesized by a solid-state reaction of homogenized stoichio-
metric amounts of TiO nanopowder (99.7%), SrCO3; (=98%),
Nb,Os5 (99.99%) and NiO nanopowder (99.99%). After calcina-
tion at 1100 °C for 8 h, a slurry in isopropanol was obtained
from the product and ball milled for 24 h. The powder was dried
using a rotary evaporator and ceramic pellets were prepared by
uniaxial and subsequent cold-isostatic pressing. The pellets
were sintered at 1200 °C for 12 h. X-ray diffraction of the
ceramic pellets was performed in 260 — « geometry using
a Bruker D4 Endeavor (Massachusetts, USA).

PLD of 50 nm thick epitaxial thin films was performed using
a Demcon TSST system (Enschede, The Netherlands) equipped
with RHEED-monitoring to control the growth kinetics. The
STNNix thin films were deposited on TiO,-terminated (001)
SrTiO; single crystal substrates. An excimer laser was used for
ablation, where the repetition rate was f = 5 Hz and the laser
fluence was J = 1.14 ] cm 2. The substrate temperature was T =
650 °C and the oxygen partial pressure was p(O,) = 0.108 mbar.
The distance between the ceramic target and the substrate is
d = 60 mm. After the deposition, the samples were cooled down
to room temperature with a maximum cooling rate of 50 °C
min~", which decreases during the cooling period owing to the
resistive heating equipment.

The crystal structure of the epitaxial thin films was investi-
gated by high-resolution XRD (D8 Discover, Bruker, Karlsruhe,
Germany). A Goebel mirror, a Cu K,, monochromator, a centric
Eulerian cradle and a Lynxeye XE detector were used for the
analysis. A divergence aperture of 0.2 mm and a pinhole adapter
of 2 mm diameter were applied.

The surface morphology of the epitaxial thin films was
studied by AFM (Cypher, Oxford Instruments Asylum Research
Inc., Santa Barbara). A probing tip with a curvature of ~8 nm
was used for the analysis. The particle density was determined
by AFM imaging of three different locations of the thin films
using a scan size of 5 x 5 um?, respectively and Gwyddion 2.52
for data evaluation. A lower threshold of 1 nm was applied to
determine the nanoparticle characteristics. The error bars
denote the standard deviation of the averaged values.

Ex situ thermal reduction of the samples was performed
under continuous 4% H,/Ar gas flow at 7 = 800 °C for 5 h using
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a quench oven. The reoxidation of the samples was performed
in air at T = 800 °C in a box oven.

AP-XPS was performed at beamline 9.3.2 of the Advanced
Light Source using soft X-rays with a photon energy of Ey,, = 680
eV and Ep, = 900 eV. A hemispherical analyzer (Scienta R4000
HiPP) was differentially pumped to maintain ultra-high vacuum
conditions at the detector. The inelastic mean free path was
calculated with the QUASES-IMFP software using the TPP-2M
equation®” on the basis of the material properties of as-
prepared STNNi (x = 0.05). The binding energies of all spectra
were aligned with respect to the Ti 2p position B.E. =458.4 eVin
order to compare relative peak shifts between Ti and Ni and to
correct for space charge-induced, rigid peak shifts upon change
in an ambient atmosphere. A Shirley-type background was
subtracted. An initial annealing step in oxygen (p(O,) = 0.1
mbar, T = 400 °C, 25 min) was performed to clean the surface of
adsorbed carbon species, and the first spectra were recorded
under the same conditions. All other data sets shown were
recorded subsequent to the respective annealing procedures,
after cooling the sample to room temperature and evacuating
the chamber. The reduction step was performed in hydrogen
(p(Hy) = 0.5 mbar, T = 500 °C, 127 min). Reoxidation was per-
formed in oxygen by a three-step procedure ((1) p(O,) = 0.5
mbar, T = 300 °C, 80 min, (2) p(O,) = 0.5 mbar, T = 400 °C, 82
min, and (3) p(0,) = 0.5 mbar, T'= 500 °C, 34 min). The STNNix
(x = 0.05) sample employed for AP-XPS was deposited using
a ceramic target that was synthesized by the Pechini method.
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