Exsolution of Embedded Nanoparticles in Defect Engineered
Perovskite Layers

Moritz L. Weber ¢ %% Marek Wilhelm ¢, Lei Jin T, Uwe Breuer %, Regina Dittmann " ¢,
Rainer Waser ® ¢ " Olivier Guillon %! Christian Lenser " and Felix Gunkel ® ¢~

2 Institute of Energy and Climate Research (IEK-1), Forschungszentrum Juelich GmbH, 52425 Juelich, Germany ° Peter
Gruenberg Institute (PGI-7), Forschungszentrum Juelich GmbH, 52425 Juelich, Germany ¢ Juelich-Aachen Research Alli-
ance (JARA-FIT), 52425 Juelich, Germany ¢ Institute of Mineral Engineering (GHI), RWTH Aachen University, 52062 Aa-
chen, Germany ¢ Peter Gruenberg Institute (PGI-6), Forschungszentrum Juelich GmbH, 52425 Juelich, Germany f Ernst
Ruska-Centre for Microscopy and Spectroscopy with Electrons (ER-C), Forschungszentrum Juelich GmbH, 52425 Juelich,
Germany ¢ Central Institute for Engineering, Electronics and Analytics (ZEA-3), Forschungszentrum Juelich GmbH, 52425
Juelich, German " Institute for Electronic Materials Il (IWE I1), RWTH Aachen University, 52056 Aachen, Germany ' Juel-
ich-Aachen Research Alliance (JARA-Energy), 52425 Juelich, Germany

ABSTRACT: Exsolution phenomena are highly debated as efficient synthesis route for nanostructured composite electrode materials
for the application in solid oxide cells (SOCs) and the development of next-generation electrochemical devices for energy conversion.
Utilizing the instability of perovskite oxides, doped with electrocatalytically active elements, highly dispersed nanoparticles can be
prepared at the perovskite surface under influence of a reducing heat treatment. For the systematic study of the mechanistic processes
governing metal exsolution, epitaxial SrTioeNbo.osNio.0sOs-sthin films of well-defined stoichiometry are synthesized and employed as
model systems to investigate the interplay of defect structures and exsolution behavior. Spontaneous phase separation and the for-
mation of dopant-rich features in the as-synthesized thin film material is revealed by high-resolution transmission electron microscopy
(HR-TEM) investigations. The resulting nanostructures are enriched by nickel and serve as pre-formed nuclei for the subsequent
exsolution process under reducing conditions, which reflects a so far unconsidered process drastically affecting the understanding of
nanoparticle exsolution phenomena. Using an approach of combined morphological, chemical and structural analysis of the exsolu-
tion response, a limitation of the exsolution dynamics for non-stoichiometric thin films is found to be correlated to a distortion of the
perovskite host lattice. Consequently, incorporation of defect structures results in a reduced particle density at the perovskite surface,
presumably by trapping of nanoparticles in the oxide bulk.
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Efficient energy conversion and energy storage is the key
element of a sustainable energy management and steadily
gains in importance due to the increasing focus on climate-
neutral energy production. Here, solid oxide electrolyzer
cells (SOECs) and solid oxide fuel cells (SOFCs), which en-
able dynamic energy generation and storage, are promising
candidates to address the spatial and temporal mismatch be-
tween energy production and energy consumption.*> How-
ever, a major challenge in the field is the development of
high-performance electrode materials to increase applicabil-
ity of these electrochemical devices. Nanostructuring of
functional materials has been established as a valuable ap-
proach to improve the electrochemical performance, for ex-
ample through modification of the chemical and electronic
properties to tailor the reaction pathways, or by increasing
the active surface area.5*! In particular, supported catalyst
nanoparticles, providing for highly dispersed and accessible
catalytic centers, take a vital role for the design of functional
materials as substantial components in electrochemical de-
vices. Recently, redox exsolution has been proven an effi-

cient strategy for the synthesis of self-assembled nanostruc-
tures which can serve as functional composite materials with
increased activity and stability of the nanoparticle electro-
catalysts.'>16 Exsolution processes can be considered as par-
tial decomposition of perovskite oxides by exceeding the
thermodynamic stability limits under chemical gradients and
at elevated temperatures or applied potential.1”® The result-
ing metallic secondary phase, consisting of the respective
dopants, is present as highly dispersed and stable nanoparti-
cles within the remaining oxide support and at the oxide sur-
face providing for well-accessible electrocatalytic centers.
Hence, fabrication of nanocomposites via redox exsolution
may play a decisive role to further decrease operation tem-
peratures in low-temperature SOC applications, considered
an essential need to achieve wide-ranging implementation of
SOC technologies, which allow for flexible and sustainable
energy storage and energy conversion.
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Figure 1. Microscopic analysis of a sintered ceramic pellet of SrTio.sNbo.osNio.0sOs-s after thermal treatment under reducing conditions (an-
nealing conditions: 5h / Ar / 4 % Hz / 800°C). (a) Scanning electron microscopy (SEM) imaging shows the formation of nanoparticles at the
polished surface of the oxide ceramic. (b) Scanning transmission electron microscopy (STEM) reveals exsolved nanoparticles at the surface
of the oxide grains analyzed in dark-field imaging mode. Several exsolved nanoparticles are highlighted by red arrows in the TEM image
(left panel) and the area of magnification equal to the right panel is indicated by the black square. (c) The enrichment of nickel is detected
by means of energy dispersive X-ray spectroscopy (EDXS) comparing point scans obtained from the oxide precursor in the as-prepared state
and from an exsolved nanoparticle in the reduced state of the sample. Please note that the Cu-signal originates from the TEM sample holder.

The effective use of metal exsolution for the preparation
of catalysts and the precise control of specific particle prop-
erties - such as particle density - requires profound
knowledge about the atomistic processes during redox exso-
lution. Recent reports have highlighted the importance of the
perovskite defect structure for metal exsolution. For in-
stance, A-site deficiency of the respective perovskite struc-
ture ABOs; was shown to significantly promote nanoparticle
formation at the surface of perovskite materials (rather than
remaining in the oxide bulk) and has established a powerful
strategy to control nanoparticle formation.*-2! Other studies
have indicated the influence of extended defect structures
such as stacking faults within the as-synthesized perovskite
host lattice, which were reported to act as preferential sites
for nanoparticle formation.?? Also an effect of non-stoichi-
ometry on electrochemical performance with respect to the
formation of secondary phases and distortion of the host lat-
tice accompanied by redox exsolution was discussed.?

Furthermore, it was shown that mass transport to the oxide
surface may be related to lattice strain between metal nano-
particles forming in the bulk and the surrounding oxide lat-
tice providing for high mobility of metallic species.?#?
However, little is known about the exact pathways of mass
transport during nanoparticle nucleation in the oxide bulk
and the interplay between exsolving metal species with
structural defects present within the oxide lattice. In particu-
lar, the investigation of strongly entangled surface and bulk
processes involved in nanoparticle formation and transport

is of high interest to improve the understanding of the fun-
damental processes underlying metal exsolution. In this pa-
per, we will therefore disentangle nucleation and transport
of the nanoparticles to investigate the influence of defect
structures on the directed nanoparticle transport towards the
perovskite surface.

SrTio.9oNbo.0sNio.0sO3-s (STNNi) shows a high affinity for
metal exsolution. As can be seen, reducing thermal treatment
results in formation of nanoparticles at the surface of the ce-
ramic oxide pellet (Fig. 1a) as well as at single powder
grains as revealed by investigations of the ceramic micro-
structure (Fig. 1b), which can be identified to be enriched by
Ni (Fig. 1c). However, the inherent structural complexity of
technical ceramic components (e.g. porosity, grain size dis-
tributions, crystal orientation, grain boundaries) complicates
the fundamental investigation of complex exsolution pro-
cesses that involve the exchange of oxygen, cation migration
and cation interaction in a wide temperature- and pressure
range since the microstructure needs to be accurately ac-
counted for in order to assess material properties.

Here, we employ epitaxial STNNi thin films as model sys-
tems for the investigation of subsurface nucleation and na-
noparticle transport processes during metal exsolution from
close-to atomically defined oxides with defined crystal
structure and orientation, as well as precisely defined stoi-
chiometry and defect structure. Notably, microscopic inves-
tigations reveal the (partial) phase separation of NiOy and
the host oxide. Nano-sized secondary structures are present



in the as-prepared perovskite host lattice serving as pre-
formed nuclei for metal exsolution under reducing treat-
ment, so that nanoparticle formation does not take place
from individual ions. In a second step, epitaxial growth is
used as a tool to systematically engineer the defect structure
of the perovskite host lattice to study the interplay of defects
with the nanoparticle transport to the oxide surface. Defect-
induced lattice distortions are found to have significant im-
pact on the exsolution of pre-formed nuclei where both
A-site excess and A-site deficiency of the perovskite host
lattice appears to slow or trap nanoparticles within the thin
film bulk and hence hamper nanoparticle transport towards
the crystal surface.

RESULTS AND DISCUSSION

Material synthesis and characterization of the exsolu-
tion response.

The prototype transition metal oxide SrTiOs; was chosen as
host material for the investigation of the redox exsolution
behavior of nickel as it exhibits a strong response to reducing
thermal treatment resulting in the formation of metallic na-
noparticles at the oxide surface as summarized in the intro-
duction (cf. Fig. 1). Furthermore, it is considered a promis-
ing candidate for the application in full ceramic SOFC de-
signs.?6-28 The optimal doping level in terms of maximum Ni
concentration and phase purity is determined by variation of
the Ni-substitution and respective X-ray diffraction (XRD)
analysis of sintered ceramic pellets (cf. Supporting Infor-
mation (SI) Fig. S1). Here, Ni-doping up to 5% at the perov-
skites B-site was found to be accommodated without for-
mation of visible secondary phases, while increasing Ni-sub-
stitution results in the formation of a NiO secondary phase.
Complementary TEM investigations of a representative
sample of 5% Ni-doping did not reveal any significant sec-
ondary phases in the ceramic compound (cf. Fig. S2). Epi-
taxial growth of Ni- and Nb-substituted strontium titanate on
single-crystalline STO substrates is controlled via reflection
high-energy electron diffraction (RHEED) by monitoring of
the (0 0) specular spot of the surface diffraction pattern (cf.
inset, Fig. 2a), revealing intensity oscillations over the entire
deposition time (Fig. 2a). Consequently, STNNi thin films
are deposited in layer-by-layer (i.e. two-dimensional)
growth mode and with monolayer precision (50 nm equals
~128 monolayers of STNNi; typically 128 oscillations can
be observed during deposition). Consistent with the 2D
RHEED pattern (inset, Fig. 2a) obtained from the as-grown
layer, thin film morphology exhibits a well-defined step ter-
race structure with generally low surface roughness, typi-
cally in the sub-nanometer range (Fig. 2b) as revealed by
atomic force microscopy (AFM). Fig. 2c displays the SIMS
(Secondary ion mass spectrometry) depth profile of an as-

prepared STNNIi thin film. Note that for the purpose of SIMS
analysis the sample was covered with t = 30 nm of evapo-
rated platinum to reduce irregular sputtering effects at the
surface. A steep increase in secondary ion intensity of nio-
bium and nickel is evident crossing the platinum to thin film
interface while loss in intensity indicates the sharp interface
between thin film material and STO substrate. As can be
seen, sputter profiles exhibit constant intensities for all in-
volved cations, providing information about their macro-
scopically uniform distribution over the entire thin film
thickness. Furthermore, high crystallinity of the thin film
material is visible from XRD analysis. Evidently, STNNi
thin films are synthesized in a single orientation of the per-
ovskite structure showing no detectable secondary phases in
wide-angle XRD analysis (cf. Fig. S3a). As can be seen from
Fig. 2d, the (002) thin film reflection is visible at lower dif-
fraction angles compared to the (002) reflection of the stron-
tium titanate substrate indicating a slight expansion of the
STNNi crystal lattice in c-direction, which is typically asso-
ciated with extrinsic doping®® or defect formation.3%-% Both,
20-e scan and reciprocal space map (RSM) exhibit periodic
oscillations (Kiessig fringes) in the vicinity of the thin film
reflections, indicating a sharp interface between the thin film
and the STO substrate (see Fig. 2d,e). In fact, the specific
structural characteristics (i.e. expansion of the c-axis) of the
present material system is not only based on the steric and
electrostatic interaction due to extrinsic doping as well as
minor compressive strain in consequence of the epitaxial re-
lationship with the underlying substrate and potential pres-
ence of cationic defects, but results from a more complex
material property as will be discussed later on.

After thermal treatment wunder reducing conditions
(15h / Ar/4% H, / 800°C), formation of particles with high
coverage and a particle height between 15 nm - 30 nm (see
line profile as inset image) is visible at the surface (Fig. 3a).
The particles evolve from highly defined and smooth crystal
surfaces, while the step terrace structure of the host oxide is
preserved during annealing and only minor morphological
changes apart from particle formation are visible at the pre-
sent annealing conditions. These findings therefore demon-
strate the high affinity of the material system to form exso-
lution particles as well as the stability of the host material
under annealing conditions. Consistent with morphological
investigations, XRD analysis obtained in the as-prepared
and reduced state of the model system reveals only slight
changes in the diffractograms, which in general indicates a
high robustness of the host oxide with respect to the anneal-
ing treatment (Fig. 3b). A considerable shift in the position
of the (002) thin film reflection towards higher 260-angles
(relative to the (002) substrate reflection) can be observed,
resulting from a relaxation in the c-lattice parameter.
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Figure 2. Epitaxial growth characteristics and material properties of a representative, stoichiometric STNNi thin film of 50 nm thickness. (a)
Intensity evolution of the RHEED specular spot (00) during PLD growth indicating layer-by-layer deposition and (inset image, left) corre-
sponding surface diffraction pattern as well as (inset image, right) close-up of intensity oscillations highlighting the deposition of ten mono-
layers of the material. (b) Surface morphology of as-prepared epitaxial STNNi thin films (scan size 20 x 20 pm?and inset 2 x 2 um2). (c)
Cation distribution profiles obtained by SIMS analysis. X-ray diffraction analysis (d) in the (002) STNNi/STO region and (e) reciprocal

space map recorded around the (013) reflection.

The apparent shift is frequently linked to the release of do-
pants from the perovskite host lattice although it might be
superimposed with further processes induced by the reduc-
ing treatment. For instance, formation of cation and oxygen
vacancies (chemical expansion®3%) and the respective
change of the transition metal valence state may influence
the crystallographic properties and contribute the overall ap-
parent peak shift with partly contrary effect. Further influ-
ence on the out-of-plane lattice parameter originates from
the particular structural characteristics of the present mate-
rial system as will be elaborated in the following discussion.
Please note, that no change in the in-plane lattice parameter
is observed by RSM and hence no relaxation of the epitaxial
strain results from the annealing procedure at elevated tem-
peratures (cf. Fig. S3b). Here, low lattice misfit between
STNNi thin films and the STO substrate ensures very low
strain energies and consequently negligible influence of ep-
itaxial strain (introduced by epitaxial growth) on the exsolu-
tion process.?* Consistent with surface characterization,
XRD analysis confirms the high stability of the host lattice
during exsolution.

The sample geometry furthermore allows for the analysis of
surface chemistry by surface-sensitive X-ray photoelectron
spectroscopy (XPS). Here, relative cation stoichiometry is
quantified based on relative areas of the respective core-
level spectra after calibration to the stoichiometry of the tar-
get used for PLD (representative core-level spectra are
shown in the SI, Fig. S4). By comparison of the as-prepared
and reduced state of STNNi thin films, considerable changes
in the sample stoichiometry are detected (Fig. 3c). Most
prominently, a significant enrichment of nickel in the surface
region is evident. Therefore, morphologic changes revealed
by surface characterization can be clearly assigned to the for-
mation of Ni nanoparticles.

To confirm the formation of metallic nanoparticles, vibrat-
ing sample magnetometry (VSM) can be applied to charac-
terize the magnetic transition, comparing the as-prepared
and reduced state of the material (Fig. 3d) as recently
demonstrated for the quantitative analysis of exsolution na-
noparticles.%
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Figure 3. Characterization of a representative stoichiometric STNNi thin film comparing the as-prepared and reduced state (annealing con-
ditions: 15h / Ar/4% H2 / 800°C). Surface morphology of epitaxial STNNi thin films in the (a) as-prepared state (scan size 20 x 20 pm?); and
below in the reduced state (scan size 20 x 20 um?). Close up of the surface morphology of the reduced state is equal to the area indicated by
the white frame (scan size of 5 x 5 pm?) and (inset image above) line profile across exsolution particles. (b) X-ray diffraction analysis in the
(002) STNNI/STO region revealing a shift in the lattice parameter due to the reducing annealing procedure. (c) Relative cation stoichiometry
in the surface region determined by XPS analysis; color code is given alongside the figure. (d) Total magnetic moment as a function of the
applied external magnetic field H measured at a temperature of T = 5 K obtained from as-prepared and reduced thin films. The transition in
the magnetic signature gives evidence about a change in Ni oxidation state and the formation of metallic Nickel nanoparticles (covered by a

NiO passivation layer).

The diagram shows the total magnetic moment as a function
of the applied external magnetic field H measured at a tem-
perature of T =5 K. The hysteresis loop of the as-prepared
state reveals a small coercive field of Hc =50 Oe and the
magnetic moment does not saturate, which may indicate su-
perparamagnetic behavior. This result is in line with various
studies of antiferromagnetic NiO nanoparticles, which ex-
hibit a superparamagnetic relaxation of their spin lattices as
well as permanent magnetic moments arising from uncom-
pensated surface spins.®-3° The red coloured hysteresis loop
represents the reduced state, which reveals a clear ferromag-
netic signal indicated by a significantly larger coercive field
of Hc = 570 Oe. The ferromagnetic response is attributed to
the formation of metallic Ni nanoparticles.

Atomic-scale analysis of the structural properties.

Nucleation of metallic nanoparticles was reported to pro-
ceed in the oxide bulk (subsurface region) upon reduction
and to be subsequently released to the perovskite sur-
face.?4?54% To unveil the atomistic processes involved in na-
noparticle nucleation and growth, transmission electron mi-
croscopy (TEM) investigations of a representative stoichio-
metric thin film along the [001] direction were performed,
comparing the as-prepared and the reduced state. Surpris-
ingly, TEM dark-field imaging reveals inhomogeneities in
the thin film bulk and the presence of secondary structures
on the nanometer-scale embedded at designated regions of
the as-synthesized STNNi perovksite lattice (Fig. 4a). These
column-like nanostructures were identified to be enriched by
nickel by means of chemically sensitive energy dispersive



X-ray spectroscopy (EDXS) and hence may be related to
spontaneous phase separation (Fig. 4b). Considering the
layer-by-layer thin film growth and the well-defined surface
and bulk properties of the STNNi thin film model systems
(cf. Fig. 2) this observation is rather striking. The small size
of the nanostructures and the fine lateral dispersion within
the host lattice is likely to have prevented their detection by
the applied characterization techniques discussed above.
This observation is contradictory to the expectation of nano-
particle formation from Ni-dopants occupying specific crys-
tallographic sites of the perovskite structure.

Fig. 4c shows the high-angle annular dark-field (HAADF)
scanning TEM (STEM) images of the as-prepared and an-
nealed STNNi thin films, respectively. In HAADF imaging
condition high Z-atomic numbers yield high intensity and Ni
accumulation results in bright contrast. On the atomic scale,
the embedded Ni-rich phase with a column-like structure
and rather undefined dimensions shows a transformation af-
ter the reducing heat treatment to a capsule-shaped nanoclus-
ter of clear perimeter (Fig. 4c). The surrounding host lattice
however exhibits high coherency in the atomic ordering with
no apparent differences in the as-prepared and the reduced
state of the sample. EDXS measurements of the elemental
distribution in the reduced state of the sample furthermore
shows solely changes in the Ni-signal while the signals of
the other cations appear to remain constant (cf. Fig. S5). The
superposition of different crystallographic phases is further-
more evident from the fast-Fourier transforms (FFT) of the
Z-contrast images. Here, satellite spots in the vicinity of the
main diffraction spots of the host lattice originate from dou-
ble diffraction and result in the emergence of a MOIRE pat-
tern (cf. Fig. S6) corresponding to the translational MOIRE
pattern visible in the real space images (Fig. 4c). These in-
tensity modulations are more pronounced for the reduced
state of the sample, while only faint (and fewer) satellite
spots can be observed for the as-prepared state. This indi-
cates a change in the orientation relationship between the
embedded nanostructures and the host lattice with respect to
zone axis as well as increased crystallinity of the nanoclus-
ter. The difference in the orientation relationship can be ei-
ther explained by a change in the orientation of the embed-
ded phase or by phase transition. To further clarify the struc-
tural (and chemical) nature of the embedded Ni-rich
nanostructures, selected area electron diffraction (SAED) is
applied. Since the observed MOIRE pattern is a direct result
of dynamic scattering events at the superimposed crystallo-
graphic planes, the periodicity of the modulated intensity
spots provides information about the lattice spacing in the
projected orientation of the crystal phases and may help to
identify the embedded phase and its structural relationship
with the host lattice (Fig. 4d).

Using the lattice parameter of the host oxide lattice (deter-
mined by XRD analysis) as internal reference allows to de-
termine possible values for the lattice spacing of the embed-
ded phases from the diffraction pattern as summarized in the
Sl (cf. Tab. S1). Based on the lattice parameters as reference

point and by considering the (oxidizing) deposition condi-
tions as well as (reducing) annealing conditions, NiOy and
metallic Ni were identified as most plausible candidates to
be present as embedded phases in the as-prepared and re-
duced state of the sample. To further evaluate consistency of
the suggested material compositions, models of the respec-
tive MOIRE patterns were simulated for overlapping
NiO/STO and Ni/STO, which are in good agreement with
the experimentally observed periodicity of intensity modu-
lations in real space (cf. Fig. S7). The respective nanostruc-
tures compose a system of large lattice misfit with the sur-
rounding oxide host lattice and thus are expected to form a
semicoherent interface based on domain matching epitaxy to
relieve the strain energy resulting from the large natural mis-
fit of their lattice parameters. The interface superstructure
can be described by a coincidence site lattice (CSL) model
With n X dhest = (N £ 1) X dembedded @Nd hence n spacings of the
host lattice match with n £ 1 spacings of the crystal lattice
of the respective embedded phase.*** Here, a registry of
n =15 unit cells of NiO matches a registry of n =16 unit
cells of the oxide host lattice, while in the reduced state a
registry of n = 12 unit cells of the metallic nickel nanoclus-
ters can be found to match a registry of n = 11 unit cells of
the host lattice. Please note, that the determined domain
matching registry results in a modified visible (half-order)
periodicity of 7.5 : 8 unit cells in the as-prepared and 5.5 : 6
unit cells in the reduced state as visualized in Fig. S7. Based
on the residual mismatch of the respective domains the min-
imum CSL misfit can be determined by Fcst =1 - ((n + 1) x
host) / (N X dempedded) Which is equal to Fcs. ~ 0.18 % for the
as-prepared and Fcs. ~-0.1 % for the reduced state of the
material system. Hence, low residual strain results from im-
perfect domain matching which may be compensated by
elastic deformation of the crystal lattice.

Here, the extent of elastic deformation in each of the in-
volved phases depends on the minimum CSL misfit, the
elastic stiffness tensors and the interfacial area as well as dis-
location density.*® This may result in additional expansion in
the c-lattice of the host oxide, as reported for a similar mate-
rial system (perovskite phase Lag.7SrosMnO3 and binary ox-
ide MgO) and depends on the volume fraction of the embed-
ded phase.*® The out-of-plane lattice parameter of epitaxial
STNNIi thin films is hence not fully conclusive as an indica-
tor for the incorporation and release of Ni-dopants as it is
determined by various aspects e.g. the doping level, the (hor-
izontal) strain with the substrate as well as the structural
properties of the vertical interface. The apparent shift of the
thin film reflection comparing the as-prepared and reduced
state of the sample (cf. Fig. 3b) thus may be partially caused
by reconstruction of the semicoherent interface by undergo-
ing a phase transition from the oxidized to the reduced state
i.e. changing from an oxide-oxide to an oxide-metal inter-
face.
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Figure 4. Transmission electron microscopy (TEM) analysis for a representative, stoichiometric STNNi thin film of 100 nm thickness de-
posited on an (001) STO substrate using a laser fluence of F = 1.14 J.cm2. (a) Investigations in dark-field imaging reveals the presence of
inhomogeneities in the as-prepared thin films in the form of column-like nanostructures embedded in the perovskite lattice. After annealing
under reducing conditions an altered distribution of the embedded phase and partial depletion of nickel is visible. (b) Enrichment of Ni-
dopants within the nanostructures is detected by means of EDXS analysis, here shown for the as-prepared state of the sample; scale-bars
denote 20 nm. (c) Imaging of the atomic structure in high-annular angle dark-field imaging mode shows a detailed scan of the Ni-rich phase
embedded in the STO host lattice in the as-prepared and reduced state of the sample. Reorganization of the crystalline order upon sample
annealing and the formation of a nanocluster of clear perimeter is visible. (d) Electron diffraction patterns recorded from the as-prepared and
the reduced state of the sample. Intensity modulations as results of double diffraction are visible as satellite spots around the main diffraction
spots. Close-up images of a representative diffraction spot with satellite spots are given as inset (satellite spots are highlighted by red arrows).

Control of the exsolution strength by defect engineer-
ing.

To investigate the influence of non-stoichiometry i.e. de-
fect incorporation on the exsolution behavior epitaxial
growth is used to engineer the defect structure of the perov-
skite thin films. A convenient strategy to control the defect
structure of complex oxides, ablating from a stoichiometric
oxide target, is to tune the laser fluence applied during PLD

growth.*>-50 This approach allows to systematically vary and
introduce cation non-stoichiometry and the corresponding
defect structures compensating for deviations from the nom-
inal stoichiometry in the perovskite lattice based on the ki-
netically determined (i.e. non-equilibrium) growth process.
For epitaxially deposited strontium titanate (STO) thin films,
it was shown that moderate non-stoichiometry of the oxide
is primarily balanced by the Sr-sublattice. Here, Sr-excess



relative to the nominal stoichiometry is accommodated by
the intergrowth of additional SrO planes i.e. the formation of
Ruddlesden-Popper type defects®*5, while Sr-depletion was
shown to be compensated by the accumulation of Sr-vacan-
cies forming vacancy clusters at large vacancy concentra-
tions.3247 Hence, accommodation of non-stoichiometry is
accompanied by the formation of distinct defect structures
within the perovskite lattice.

STNNi thin films of varying defect structure were depos-
ited with laser fluences in the range of
F =0.88 J-cm™ - 1.44 J-cm™?, while the stoichiometry of the
host lattice was investigated by means of XPS analysis. As
can be seen, a variation of laser fluence allows for the control
of the Sr/(Sr+Ti) ratio in the surface region of the thin film

b

model systems (Fig. 5a) as well as the thin film bulk (cf.
Fig. S4b). Please note, that the formation of self-assembled
Ni-rich nanostructures as described above was observed in-
dependent from thin film stoichiometry. The systematic var-
iation of thin film stoichiometry is accompanied by a slight
shift in the diffraction angle of the (002) thin film reflection
observed in 26-w scans (respectively for increasing Sr-defi-
ciency and Sr-excess). Hence, incorporation of non-stoichi-
ometry in form of defects within the perovskite lattice is ev-
ident by an expansion of the c-lattice in reference to stoichi-
ometric STNNi due to the introduction of strain to the crystal
lattice (Fig. 5b; diffractograms displayed in Fig. $8).%0-%
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Figure 5. Evaluation of the exsolution behavior of Ni from epitaxial STNNi thin film model systems (annealing conditions:
15h / Ar/4% H / 800°C). (a) Stoichiometry of the host lattice i.e. Sr/(Sr+Ti) ratio depending on the applied laser fluence. (b) Defect incor-
poration results in the expansion in the oxide c-lattice parameter relative to STNNi deposited at the stoichiometric point as determined by
26-w scans around the (002) reflection. (c) Atomic concentration of Ni determined by XPS analysis relative to Sr, Ti and Nb in the as-
prepared state (black symbols) and the reduced state of the samples (red symbols). A significant increase of the relative Nickel content in the
near-surface region is observed for the stoichiometric sample after reducing treatment. (d) Particle density determined as additional indicator
for exsolution strength as a function of laser fluence used to tune the Sr/(Sr+Ti) ratio, indicating strong exsolution for stoichiometric STNNi,
while non-stoichiometry results in weak metal exsolution. () FWHM value as a function of laser fluence indicates the lowest degree of
lattice distortion for stoichiometric STNNI, while non-stoichiometry results in accumulation of lattice imperfections. (f) Correlation between
the average particle density at the crystal surface and the FWHM value determined by XRD rocking curve analysis serving as indicator for
the distortion of the perovskite lattice. Low degree of lattice distortion results in strong metal exsolution while a high degree of lattice
distortion hampers exsolution to the thin film surface, resulting in a lower particle density. A solid black line denotes the stoichiometric

point; dashed lines serve as guide for the eye.

As can be seen from Fig. 5¢ off-stoichiometric thin film
growth only has a minor effect on the Ni content for thin
films deposited with varying laser fluence and hence small

variations in Ni concentration can be neglected for the fur-
ther discussion (black circular symbols). After reducing
treatment, a significant increase in the relative Ni signal can
be observed in the surface region of the thin films deposited



at the stoichiometric point, while off-stoichiometric STNNi
thin films exhibit a relative decrease of nickel in the surface
region (red circular symbols).

Due to the inherent limitations of surface-sensitive XPS
measurements for the quantification of inhomogeneous ma-
terial systems such as lateral distributed nanoparticles (as
discussed above)®253, particle density is determined as an ad-
ditional indicator of exsolution strength for the evaluation
and comparison of the exsolution behavior for STNNi thin
films of different defect structure. For this purpose, a lower
threshold of 10 nm was used to avoid overestimation in par-
ticle number due to surface decorations, which are likely to
occur especially at surfaces of highly non-stoichiometric
thin films. As shown in Fig. 5d, the highest particle densities
are observed for STNNi thin films deposited close to the
stoichiometric point, which is in good agreement with the
results derived from XPS analysis. Consistent with litera-
ture, increasing Sr-excess results in suppressed metal exso-
lution®®, as reflected by the decrease in particle density.
However, also Sr-deficiency results in a decreased number
of nanoparticles appearing at the surface upon reduction.

Turning now to the structural analysis of the thin films, the
influence of defect structures on the exsolution process is
further highlighted. While the c-lattice expansion is a sensi-
tive parameter for the extent of defect incorporation, the
FWHM of rocking curve profiles is indicative for the lattice
distortion of crystallographic planes®-°6 and hence, the rela-
tive degree of lattice distortion can be evaluated by XRD
rocking curve analysis (cf. Fig. S9). Increasing distortion of
the perovskite lattice results in a broadening of the rocking
curves and respectively causes an increase in the FWHM
value, which therefore may serve as a parameter to compare
relative differences in atomic disorder. As evident from
Fig. 5e, stoichiometric thin films exhibit the lowest degree
of lattice distortion, while non-stoichiometry gives rise to
lattice imperfections reflected by increased FWHM values,
which is consistent with the accumulation of defects within
the perovskite lattice compensating for non-stoichiometry.
By plotting particle density against FWHM values the cor-
relation between lattice distortion and particle density be-
comes more apparent (Fig. 5f). Evidently, Ni exsolution to-
wards the thin film surface in epitaxial STNNi is strongly
hampered by the distortion of crystallographic planes, which
is directly related to the non-stoichiometry of the perovskite
host lattice. Notably, a significant increase in lattice distor-
tion is observed for the majority of thin films after the reduc-
ing treatment most likely connected to the formation of sec-
ondary phases within the thin film bulk (cf. Fig. S9).

Exsolution of embedded nanostructures.

Identifying ceramic STNNi as exsolution-active material,
we followed a thin film approach to study the atomistic pro-
cesses, which tailor the exsolution behavior of nickel nano-
particles in the material. Comprehensive characterization of
epitaxial growth as well as surface and bulk properties al-
lows for the synthesis of STNNi thin film models with con-
siderably reduced complexity compared to their ceramic

counterparts. Despite no secondary phases were detected by
various characterization techniques, microscopic investiga-
tions revealed the presence of nanoscale features identified
as Ni-rich structures embedded at designated regions of the
as-synthesized perovskite host lattice. Similar (self-assem-
bled) vertically aligned phases were reported to form during
deposition of (composite) material systems fabricated by se-
quential ablation from different target materials.**>” In the
case of STNNI, doping concentrations close to the solubility
limit of Ni in STO5 may favour partial phase separation
from the strontium titanate host lattice and the spontaneous
formation of Ni-rich secondary species. Although, no for-
mation of secondary phases were observed for a series of
sintered STNNi ceramics with substituted Ni concentrations
below 10 % by XRD analysis. Nb-co-doping was chosen to
provide sufficient electronic conductivity of the oxide ma-
trix, which is required for catalytic activity. Note that
throughout our experiments no hints on Nb-segregation or
exsolution was found.

The observed nanostructures were identified to be most
likely NiOx phases, which reside in domain matching rela-
tionship within the perovskite host lattice based on the for-
mation of a semicoherent interface. The reorganization of
the crystal phase forming capsule-shaped Ni nanoclusters by
undergoing a phase transition to the metallic state in the bulk
of the film is evident after annealing at a temperature of
T =800°C, where cation diffusion should be in principle
limited. Thus, a high mobility of the embedded nickel phase
within the well-ordered strontium titanate host lattice is im-
plied. Note, that temperatures of 800°C (and above) are com-
monly used for thin film annealing of (undoped) SrTiO5 thin
films*86961 and in the typical temperature range of exsolu-
tion studies.!3141979 Since the size and shape of such embed-
ded phases can be highly diverse and depend on the respec-
tive material system and synthesis conditions**2-%5, their de-
tection may require careful analysis on the nanoscale. Please
note that the remaining Ni-doping level of the strontium ti-
tanate thin film is unclear, since considerable amounts of do-
pants are accumulated within the observed nanostructures.

Overall, these findings have two important implications
(as summarized in Fig. 6): Firstly, exsolution-active materi-
als may be not necessarily single-phase perovskites, but ra-
ther accommodate exsolving elements by local stoichiome-
try variations in the perovskite lattice on the nanometer scale
before exsolution. The exsolution of such pre-formed
nanoclusters is hence in contrast with the idealized concept
of nanoparticle formation from a solid solution and further-
more must be considered as alternative pathway of mass
transport during metal exsolution. This is of particular im-
portance since cation segregation accompanied by the for-
mation of dopant-rich secondary phases is commonly ob-
served for a variety of mixed ionic and electronic conductors
(MIEC) highly relevant for the application as exsolution-ac-
tive materials.®"® Thus, a clear differentiation of potentially
coexisting exsolution routes i.e. clustering of ions on the na-
noscale previous to the transition to the metallic phase versus
(thermally activated) clustering after reduction might prove



difficult. Secondly, the synthesis of such composite materi-
als allows to widely decouple nanoparticle nucleation (clus-
tering of single atoms) from nanoparticle transport processes
and hence enables the investigation of nanoparticle transport
as (mostly) isolated event.

This approach was adopted to evaluate the influence of
non-stoichiometry and respective defect structures on the
mass transport during reducing treatment, revealing a clear
correlation between lattice distortions of the host lattice due
to the incorporation of defect structures and the efficient
transport of nickel nanoparticles towards the surface. Here,
the increased transport dynamics for stoichiometric thin
films are reflected by an enhanced enrichment of the near-
surface region with Ni as well as an increased particle den-
sity at the perovskite surface. Considering the well-known
effect of A-site deficiency promoting metal exsolution the
apparent detrimental effect of Sr-deficiency on Ni exsolution
to the surface of epitaxial STNNi is surprising at first. How-
ever, it is likely to be connected to the pre-formed character
of the nanoparticles and may help to further unravel the
origin of stoichiometry effects on metal exsolution.

As depicted by Ref. [19], exsolution of B-site cations from
an A-site deficient host perovskite is accompanied by the re-
covery of a stoichiometric host lattice, which is considered
to serve as driving force for the spontaneous B-site exsolu-
tion and phase separation resulting in the nucleation of a
B-site rich phase. The strategy behind the introduction of
A-site deficiency to the perovskite host hence targets the de-
stabilization of the perovskite structure on the unit cell level
to increase the affinity towards spontaneous B-site exsolu-
tion. Starting with a material system of pre-formed nuclei,
the pronounced transport of nickel to the oxide surface ob-
served for the present material system at the stoichiometric
point therefore is in good accordance with literature. Most
importantly however, we find a detrimental effect of non-
stoichiometry on the dynamics of metal exsolution reflected
by a decreased particle density and decreased Ni enrichment
in the near-surface region.

As discussed above this result is not in contrast to previous
findings on the stoichiometry-effect on exsolution pro-
cesses, but adds further insights on the effect of crystal de-
fects on the dynamics of metal exsolution. Here, the driving
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force for exsolution of embedded nanostructures and from
solid solution precursors is likely to be similar but the kinet-
ics of nanoparticle nucleation and transport are fundamen-
tally different. Therefore, the observed detrimental influence
of A-site deficiency is most likely - however not exclu-
sively - expected for the exsolution of pre-formed nuclei.
The exact outcome of the introduction of A-site deficiency
on the exsolution behavior is presumably determined by the
interplay of the advantageous effect of A-site deficiency to
promote nanoparticle nucleation and the disadvantageous ef-
fect of non-stoichiometry of the host lattice on the nanopar-
ticle transport. Thus, a negative effect of non-stoichiometry
may also come into play in the case of solid solution precur-
sors depending on the extend of metal exsolution. Therefore,
a well-balanced calibration of the amount of A-site vacan-
cies versus the doping level may help to increase nanoparti-
cle yield.

In summary two major findings, namely the observation
of phase separation of dopant-rich nanosturctures serving as
centers for the formation of metallic nanoparticles and the
exsolution route-specific dopant transport dynamics have
emerged from our analysis. For future work, it will be re-
quired to link these two aspects more closely, in order to un-
derstand how phase separation affects accompanying defect
formation and vice versa. Please note, however, that the for-
mation of self-assembled Ni-rich nanostructures was ob-
served independent from thin film stoichiometry.

Our findings hence show that non-stoichiometry influ-
ences metal exsolution on the level of the particle transport.
For metal exsolution starting from a solid solution of stoi-
chiometric perovskite oxides, the resulting non-stoichiome-
try after B-site exsolution thus can be expected to hamper
the transport of nanoparticles from the oxide bulk to the sur-
face, commonly observed in form of decreased particle den-
sity. Nanoparticles formed in the oxide bulk may be trapped
or slowed by designated defect structures limiting exsolution
of nanoparticles to the oxide surface. Consistently, exsolved
Ni nanoparticles were previously reported to be preferen-
tially located in the vicinity of defect structures such as
stacking faults in ceramic materials.?
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Figure 6. Schematic illustration of the exsolution process in STNNi model systems depending of thin film stoichiometry. Nickel-dopants
tend to form nanostructures, embedded in the as-prepared perovskite host lattice and undergo a phase transition to the metallic state during
reducing annealing which are transported to the thin film surface. Based on this concept, hanoparticle nucleation processes can be decoupled
from particle transport. The highest particle density can be observed for stoichiometric thin films while the presence of defect structures
hampers the transport Ni towards the surface and the formation of nickel nanoparticles. Ni-rich phases are denoted in in red; defect structures

are illustrated by white crosses.

The successive incorporation of defects for non-stoichio-
metric STNNi in form of point defects and possibly large-
volume defects such as point defect clusters, Ruddlesden-
Popper-faults, TiOx precipitates etc. causes severe distor-
tions of the perovskite lattice with influence on various prop-
erties of the host lattice with potential impact on the nano-
particle-host interaction. For instance, Coulomb interactions
of charged defects with (potentially charged) exsolving spe-
cies or local strain fields induced by defect structures by dis-
placing the atomic order may contribute to the trapping ef-
fect. Although the nature of the incorporated defects is ex-
pected to be different for Sr-rich and Sr-deficient crystal
growth, the exsolution behavior is affected in a similar man-
ner. This observation highlights that it may be not rational to
expect one specific type of defect to tailor the overall behav-
ior but that the degree of lattice distortion as a general pa-
rameter is more appropriate to describe the apparent rela-
tionship. The origin for the observed trapping effect on the
scale of single defects however remains to be elucidated by
further studies.

Lattice strain was not only shown to be one major driving
force for cation segregation®?, but also found to play an es-
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sential role for mass transport of nanoparticles within the ox-
ide host lattice during metal exsolution.?*?® Here, transport
of nanoparticles to the perovskite surface was reported to be
based on the minimization of the elastic strain energy be-
tween the metallic phase and the surrounding oxide lattice as
well as minimization of the surface free energy.?*?> Major
distortions of the perovskite host lattice might affect the
exsolution process due to (local) deviations in lattice spacing
and displacements of the atomic order. This may cause un-
favourable strain interaction potentially affecting the di-
rected transport of nanoparticles to the surface. The role of
lattice strain however, remains unclear for the present mate-
rial system since the respective crystallographic phases ex-
hibit domain matching relationship and therefore only minor
strain energies resulting from the residual misfit Fcs_ are ex-
pected. Nevertheless, considerable deviations from the bulk
lattice values of NiO and Ni were determined as depicted in
Table S1. These may originate from the highly defec-
tive / distorted structure of the embedded phases (as-pre-
pared state) or significant stresses resulting from the differ-
ence in elastic properties of the composite system.

The significance of the imperfection i.e. distortion of the
host lattice is furthermore highlighted by the fact that a clear



increase in the crystallinity of the embedded nanoclusters as
well as an improved orientation relationship of the host lat-
tice with the exsolving particles is visible after reducing an-
nealing, which may be of high importance for the effective
nanoparticle-host interaction during exsolution. The for-
mation of precipitates in a defined lattice orientation rela-
tionship between nuclei and host lattice was reported to re-
duce the free energy of activation for the formation of nuclei
in solids and hence may facilitate the accommodation of me-
tallic Ni nanoclusters within the perovskite host matrix.”
This observation is consistent with in-Situ studies of nano-
particle exsolution at surfaces of ceramic oxides which re-
vealed an epitaxial relationship - and hence a defined orien-
tation relationship - between the exsolved nanoparticles and
the oxide host.”® Here, defect structures displacing the
atomic order are likely to restrict the structural relationship
between the oxide host with the nanoparticles what might
have significant influence on exsolution dynamics.

The high significance of the nanoparticle-host interface is
also highlighted by ref.’”®, discussing the migration mecha-
nism of inclusions in solids. Here, migration of inclusions is
explained by a diffusive flux of host cations along the inclu-
sion-host interface (in the presence of an external gradient)
allowing for the movement of the inclusion relative to the
lattice of the host crystal within the respective cavity. This
mechanism may be transferable to nanoparticle transport
during metal exsolution. Consequently, the high mobility of
exsolution nanoparticles might be determined by the mobil-
ity of cations of the host lattice (Sr, Ti, Nb), which may be
significantly increased at the semi-coherent interface be-
tween oxide host and metallic nanoparticles and therefore
enable nanoparticle transport at relatively low temperatures.
The role of (semi-coherent) interfaces for the mobility of
carriers however is controversially debated.”

Overall, the influence of the defect structure on the host-
nanoparticle interaction is a highly complex issue. While
various driving forces and parameters with influence on
metal exsolution are known (as lately reviewed’®), a univer-
sal driving force for the directed transport of nanoparticles
towards the oxide surface and thus a conclusive mechanism
of nanoparticle transport is still lacking. Therefore, extensive
investigations will be necessary to gain a full picture of exso-
lution phenomena.

Our findings have important implications for the develop-
ment of efficient exsolution materials since strategies for the
control of nanoparticle properties may be - depending on
exsolution route - essentially diverging. This might be of
particular importance for highly A-site deficient perovskites,
where B-site cations need to be stabilized at thermodynami-
cally unfavourable crystallographic sites. For instance, lim-
ited effects of A-site deficiency?® on the exsolution pro-
cesses or non-reversibility of the process’ reported in liter-
ature might be related to similar phenomena as described in
the present study. For the synthesis of supported electrocat-
alysts via metal exsolution, control of the location of nano-
particle formation (bulk vs. surface) is of high interest since
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it determines accessibility of catalytically active nanoparti-
cles and thus overall functionality and efficiency of the cat-
alyst since nanoparticles which remain buried in the oxide
bulk do not contribute in catalyzing electrochemical conver-
sion reactions, 19226680

Note that the observed phase separation may be seen as a
feature of PLD-growth which corresponds to a non-equilib-
rium process. Typically, however, growth kinetics during
epitaxy do not favor phase separation. In this case, a doping
level close to the solubility level may furthermore contribute
to favor phase separation during growth. Due to the inherent
differences between bulk and thin film synthesis, a compar-
ison should be made with great care.

CONCLUSION

We studied the redox exsolution behavior of Ni in STNNi
based on dense epitaxial thin film model systems. A strong
response to reducing thermal treatment resulting in the for-
mation of homogeneously dispersed nanoparticles at the
close-to atomically smooth (001) crystal face can be ob-
served. Here, nanoparticle formation is accompanied by an
enrichment of the thin film surface with nickel as well as a
magnetic transition towards the ferromagnetic state and a re-
laxation of the crystal lattice collectively indicative for the
phase transition and release of Ni-dopants to the perovskite
surface in the form of metallic nanoparticles.

In conclusion, our results show that spontaneous phase
separation on the nano-scale can result in the formation of
Ni-rich nanostructures accommodated as secondary species
within the as-synthesized perovskite lattice. Residing in do-
main matching relationship, these dopant-rich nanostruc-
tures serve as pre-formed nuclei for the subsurface formation
of metallic nanoparticles and subsequent exsolution. Our
findings hence demonstrate that different and possibly inter-
mixed pathways of mass transport need to be considered to
gain full understanding of the atomistic processes during na-
noparticle formation at perovskite surfaces.

Based on this composite material system, the nanoparticle
transport towards the perovskite surface may be decoupled
from (diffusive) subsurface particle nucleation and particle
growth processes and thus allows for the study of nanoparti-
cle transport as mostly isolated process. The investigation of
this unconventional exsolution route reveals a significant
impact of non-stoichiometry on the exsolution efficiency,
which is not based on the (well-known) influence on spon-
taneous phase separation, but affects nanoparticle transport
dynamics. While stoichiometric thin films exhibit a low de-
gree of lattice imperfections and a strong exsolution re-
sponse, non-stoichiometry results in a considerable decrease
of the particle density, which — as we show - is correlated to
local distortions of the perovskite lattice. Our results may
have major significance for the application of well-known
and widely used concepts to control exsolution processes
such as the synthesis of perovskite materials with high A site
deficiency as precursors for nanostructured electrode mate-
rials via metal exsolution.



EXPERIMENTAL SECTION
Synthesis of powders and ceramics.

The SrTiogNbo.osNio.0sO3 (STNNI) oxide powders were pre-
pared by the Pechini method. After dissolution of stoichio-
metric amounts of the educts (titanium(IV) isopropoxide
(97 %) preprocessed as described by Ref. (&), strontium ni-
trate (99 %), ammonium niobate(V) oxalate hydrate
(99.99 %) and nickel(ll) nitrate hexahydrate (99.99 %)),
metal ions were stabilized by complexation with citric acid
and ethylene glycol was added. The solution was stirred for
24 h and at T=50°C and polymerization was induced by
successive increase of temperature to T = 350°C. The prod-
uct was calcined at T = 700°C and T = 900°C for 3 h respec-
tively. A slurry of the powder (in isopropanol) was ball
milled for 24 h and dried using a rotary evaporator. Ceramic
pellets were uniaxially and cold-isostatically pressed using
an organic binder (3.5 wt%) and sintered at T = 1100°C for
6 hin air after debinding at T = 600°C for 12 h. To determine
cation stoichiometry of the PLD target a piece of the ceramic
pellet was cut with a diamond wire saw and analyzed after
fusion of the sample material with lithium borate in a Pt/Au
crucible for 30 min at T = 1000 °C and subsequent dissolu-
tion of the mixture using HCI/H2O- by inductively-coupled-
plasma optical emission spectroscopy (ICP-OES,
iCAP7600, Thermo Scientific, Massachusetts, USA). Ce-
ramic SrTig.gs.xNbo.0sNixOs.5 pellets with varying nickel con-
tent of x = 0, 0.005, 0.01, 0.03, 0.05, 0.1 were prepared by
the mixed-oxide route. Stoichiometric amounts of the educts
(titanium(IV) oxide nanopowder (99.7 %), strontium car-
bonate (> 98 %), niobium(V) oxide (99.99 %) and nickel(1l)
oxide nanopowder (99.99 %)) were mixed and a slurry of the
mixture (in isopropanol) was ball milled for 24 h to ensure
homogeneous distribution of the compounds. After calcina-
tion at 1100°C for 8 h the powder was grinded by mortar and
pestle and a slurry (in isopropanol) was ball milled for 24 h.
The product was dried using a rotary evaporator and ceramic
pellets were uniaxially and cold-isostatically pressed using
an organic binder (3.5 wt%). After debinding at T = 600°C
for 12 h the pellets were sintered for 12 h at 1200°C. Crystal
structure was investigated by X-ray diffraction (XRD, D4
Endeavor, Bruker, Massachusetts, USA). A slight signature
of a NiO secondary phase associated with the Pechini fabri-
cation route was detected for the ceramic PLD target, how-
ever it is not expected to influence thin film growth due to
the atomization of involved species during target ablation.
Microscopic analysis was performed after reducing anneal-
ing under constant gas flow (Ar / 4% H;) for 5 h at
T=800 °C. The ceramic sample was investigated by second-
ary electron microscopy (SEM, SU 800, Hitachi High-Tech-
nologies Corporation, Japan) and by transmission electron
microscopy (TEM, FEI Titan Tecnai G2 F20 S-Twin,
Thermo Fisher Scientific, Hillsboro, USA) using an acccel-
eration voltage of 200 kV) as well as energy dispersive X-
ray spectroscopy (EDXS).
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Epitaxy.

Epitaxial STNNi thin films with thicknesses of t = 50 nm
were deposited by reflection high-energy electron diffrac-
tion (RHEED)-controlled pulsed laser deposition on one-
side polished SrTiO3; (STO) substrates (Shinkosha Co. Ltd.,
Yokohama, Japan) in [001] orientation. For this purpose,
substrates were glued on Omicron holders using Ag-paste
and kept at constant backside-temperature of T = 730°C by
an IR-diode laser with a wavelength of A = 925 nm. The tar-
get material was ablated using a KrF excimer laser
(Compex 205F, Coherent, Santa Clara, USA) with a wave-
length of A = 248 nm operated with a repetition rate of f =5
Hz. The target-to-substrate distance was d = 57 mm. Epitax-
ial growth of thin films was performed at oxygen pressures
of p(O2) = 0.110 mbar. For the deposition of stoichiometric
thin films a laser fluence of F=1.14 J.cm? was applied,
while non-stoichiometric growth was induced by tuning the
laser fluence between F = 0.88 — 1.44 J-cm2. After thin film
growth, samples were annealed for ten minutes under depo-
sition conditions and afterwards quenched down to room
temperature. For exsolution studies, samples were annealed
under constant gas flow (Ar / 4% H,) for 15h at T=800°C
and quenched down to room temperature.

Thin film characterization.

Surface morphology was characterized by atomic force mi-
croscopy (AFM, Cypher, Oxford Instruments Asylum Re-
search Inc., Santa Barbara, USA). Crystallographic proper-
ties were investigated by X-ray diffraction (XRD) analysis
performing rocking curve analysis, standard XRD in Bragg-
Brentano geometry as well as reciprocal space mapping
(RSM) using an asymmetric scan geometry (D8 Discover,
Bruker AXS GmbH, Karlsruhe, Germany). Cation distribu-
tion was investigated by depth profiling using time-of-flight
secondary ion mass spectrometry (ToF-SIMS 5.NCS,
IONTOF GmbH, Minster, Germany) in negative polarity
mode. Relative surface stoichiometry was analyzed by X-ray
photoelectron spectroscopy (XPS) recording the Sr3d-,
Ti2p-, Nb3d-, and Ni2p- core-level spectra. XPS measure-
ments were performed using Al Kg; line (E, = 1486.6 eV,
FWHM = 0.26 eV) of a monochromized X-ray source and at
a photoemission angle of ® = 15° as well as constant pass
energy (Eo = 29.35 eV) in the fixed analyzer transmission
mode (Phi 5000 VersaProbe, ULVAC Phi, Physical Elec-
tronics Inc.). For quantification, relative sensitivity factors
(RSF) were referenced to the ceramic target material. For the
analysis of the Sr/(Sr+Ti) ratio, quantification was per-
formed in reference to a STO single-crystal. Binding ener-
gies of all spectra were aligned to the C 1s signal. For the
analysis of bulk stoichiometry, [001]-oriented STNNi thin
films were deposited on one-side polished NdGaOs sub-
strates (CrysTec GmbH, Berlin, Germany) in orthorhombic
(110) surface orientation. After dissolution in a mixture of
HCI/H,0; (volume ratio 3:1) for two hours at a temperature
of T = 50°C, three aliquots of the solution were analyzed for
each sample by inductively coupled plasma mass spectrom-
etry (ICP-MS) (Agilent 7500ce). Magnetic measurements
were performed using a vibrating sample magnetometer



(VSM) (Dynacool Physical Property Measurement System
(PPMS) of Quantum Design). Full hysteresis loops between
+/- 10 kOe were measured and a linear background was sub-
tracted to correct for the diamagnetic contribution of the
STO substrate.

High-angle annular dark-field imaging and corresponding
energy dispersive X-ray spectroscopy were carried out in an
FEI Titan G2 80-200 ChemiSTEM microscope equipped
with a high-brightness field emission gun, a spherical aber-
ration corrector for the probe forming lens and a super-X
EDS system. The convergence semi-angle for HAADF im-
aging was about 25 mrad, while the collection semi-angle
was 70-200 mrad. The TEM dark-field images and selected
area electron diffraction patterns were recorded in an FEI
Tecnai F20 microscope. Both microscopes were operated at
200 kV.
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