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Nanoparticle formation by dopant exsolution (migration) from bulk host lattices is
a promising approach to generate highly stable nanoparticles with tunable size, shape,
and distribution. We investigated Ni dopant migration from strontium titanate (STO)
lattices, forming metallic Ni nanoparticles at STO surfaces. Ex situ scanning probe
measurements confirmed the presence of nanoparticles at the H, treated surface. In
situ ambient pressure X-ray photoelectron spectroscopy (AP-XPS) revealed reduction
from Ni?* to Ni° as Ni dopants migrated to the surface during heating treatments in Ho.
During Ni migration and reduction, the Sr and Ti chemical states were mostly
unchanged, indicating the selective reduction of Ni during treatment. At the same time,
we used in situ ambient pressure grazing incidence X-ray scattering (GIXS) to monitor
the particle morphology. As Ni migrated to the surface, it nucleated and grew into
compressed spheroidal nanoparticles partially embedded in the STO perovskite surface.
These findings provide a detailed picture of the evolution of the nanoparticle surface
and subsurface chemical state and morphology as the nanoparticles grow beyond the
initial nucleation and growth stages.
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1. Introduction

Nanoparticle catalysts supported on transition metal oxides play a critical role in
chemical production and conversion, as well as energy conversion and storage
processes.'™ Catalytic activity is affected by the nanoparticles’ composition, size,
structure, stability, and their interaction with the support. Decreasing the nano-
particle size increases the specific surface area and the density of low-
coordination sites, often increasing activity. However, processes like nano-
particle coarsening, agglomeration, and coking can decrease activity through
structural changes and decreases in available active sites.

In perovskite host lattices, catalytically active dopants can segregate to the
oxide surface to form nanoparticles in a process known as ‘exsolution’.® Recently,
exsolution from perovskite hosts during reducing treatments produced metallic
nanoparticles with excellent stability and coking resistance, as well as tunable size
and distribution.® Particles exsolved from perovskite hosts exhibit strong metal-
oxide interactions, producing nanoparticles partially embedded (socketed) in the
oxide surface.**'* Surface enrichment by such exsolved metallic nanoparticles can
enhance the electrocatalytic activity and surface conductivity of electrode
materials."*

While the aforementioned properties of socketed nanoparticles are promising
for a variety of applications, differences in perovskite host structure and
composition, and differences in growth or reaction environments can lead to
variations in particle size and shape."** Spherical, cubic, conical, and even core-
shell particles have been observed, depending on the reaction environment.'*****
Because particle shape can influence exposed active sites and activity, it is crucial
to understand the evolution of the particle morphology during exsolution. To this
end, recent investigations have probed the early stages of nanoparticle nucleation
and growth to better understand the mechanisms leading to nanoparticle
formation.”*® Because reaction environments influence the size, shape, and
distribution of exsolved nanoparticles, it is crucial to understand their evolution
during growth.

In this work, we monitor the chemistry and morphology of Ni nanoparticles as
they migrate from SrTiy oNbg o5Nig 05055 (STNNi) hosts during reducing treat-
ments in H, using a recently developed combination of ambient pressure X-ray
photoelectron spectroscopy (AP-XPS), and ambient pressure grazing incidence
X-ray scattering (AP-GIXS).® Ni reduces as it migrates to the surface, forming
metallic nanoparticles partially embedded within the perovskite host lattice.
Meanwhile, the oxidation state of the Sr and Ti in the host is mostly unchanged
during the exsolution process. We used ex situ atomic force microscopy (AFM) and
synchrotron X-ray scanning tunneling microscopy (SX-STM) to probe the ex situ
surface structure and Ni distribution. Using this information to understand
boundary conditions for the nanoparticle sizes and shapes, we used AP-GIXS to
monitor the nanoparticle size and subsurface morphology during growth.

By combining AP-XPS and AP-GIXS in the same measurements, we reveal the
evolution of chemistry and morphology during socketed nanoparticle growth by
reduction in H, gas environments. Because both techniques possess tunable
depth sensitivity, this approach is well suited to further studies of the chemistry
and morphology of exsolved nanoparticles during exsolution and reactions, and
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a host of other systems with dynamic structure and chemistry can also benefit
from this approach.” "

2. Methods

STNNi thin films of 30 unit cells (11.7 nm) were synthesized by reflection high-
energy electron diffraction (RHEED)-controlled pulsed laser deposition (PLD)
on (001) Nb-doped and TiO,-terminated SrTiO; single-crystalline substrates
(Shinkosha Co. Ltd., Yokohama, Japan). The thin films were deposited at T =
650 °C and at an oxygen pressure of p(O,) = 0.108 mbar. A KrF excimer laser was
applied for the ablation of the ceramic target material (A = 248 nm) using a laser
fluence of F=1.14 ] cm™> and a repetition rate of f= 5 Hz. Here, two different PLD
systems were used for the sample growth, which mainly differ in the respective
heating systems. While an IR-diode laser (A = 925 nm) is applied for heating in
one of the systems (Surface GmbH), a resistive heater is applied for the other
system (TSST - Twente Solid State Technology). In addition, slight differences in
the target-to-substrate distance existed between systems, with d = 57 mm for the
former and d = 60 mm for the latter PLD system. After the thin film growth, the
samples were quenched to room temperature. Notably, the cooling rate was lower
for the resistive heater, where the thermal history of the sample may cause small
differences in the exsolution behavior.

The samples were 10 mm x 10 mm in size and were cut into 5 mm X 5 mm
pieces after the thin film growth, which enabled the analysis of four nominally
equal samples. For ex situ surface imaging, several samples were annealed under
continuous 4% H,/Ar gas flow (¢t = 5 h, T = 800 °C) in order to induce nickel
exsolution. AFM was applied to investigate the surface morphology in the as-
prepared state and after thermal reduction of the sample using tapping mode
(AFM; Cypher, Oxford Instruments Asylum Research Inc., Santa Barbara, USA),
with a tip curvature of approximately 8 nm. In order to obtain reference values for
the nanoparticle dimensions, annealing experiments were carried out ex situ
using one piece (5 x 5 mm) of four nominally equal samples that were cut from 10
x 10 mm?® thin films that were used for the XTIP and AP-XPS/AP-GIXS investi-
gations. The surface morphology was analyzed using the software package
Gwyddion version 2.52, applying a lower threshold of 1 nm for the detection of the
nanoparticles. The nanoparticle properties (nanoparticle density, median of the
maximum nanoparticle height and the average nanoparticle diameter) were
evaluated on the basis of a representative AFM scan with a size of 4 x 4 um?.

APXPS and APGIXS measurements were made on the sample spot, at the same
conditions, in the same measurement set, using a recently developed ultrahigh
vacuum system capable of simultaneous AP-XPS and AP-GIXS measurements.
This system is located at undulator beamline 11.0.2.1 of the Advanced Light
Source, which provides soft X-ray radiation between 160 and 1800 eV. The base
pressure was 1 x 10~ ° Torr at the start of the experiments, with water comprising
most of the background gas. Photoelectron spectroscopy was conducted using
a SPECS Phoibos ambient pressure hemispherical analyzer with 1D delay line
electron detection. Binding energies (BEs) of core-level electrons were referenced
using known BEs of Ti 2p3, (459.3 eV) and Sr 3d (134.2 eV) for the pristine STO
and STNNi states.”® The sample was mounted on a 4-axis manipulator, with three
Cartesian translation axes supplemented by polar angle rotation (enabling
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control of the X-ray incidence angle). Sample holders were equipped with a Pt
button heater, permitting heating temperatures up to ~800 °C. To measure X-ray
scattering from the STNNi surfaces, we used a CCD camera (Andor Ikon-L SO),
which was isolated from the gas environment by an X-ray transparent 150 nm
thick silicon nitride window (Silson Ltd.). Differential pumping was applied
behind the X-ray window to maintain vacuum at the CCD chip surface and to
prevent water condensation on the CCD chip, which was cooled to —50 °C during
operation. The camera was mounted on a 2-axis universal mount, covering +12°
azimuthal and 20° polar scattering angles. More details on this setup can be
found in ref. 16. A stainless steel beamstop was applied to block the reflected
specular X-ray beam from saturating or even damaging the CCD camera. The
beamstop appears as a vertical black rectangle along 6y = 0° in all X-ray scattering
data shown in this work, and additionally is the source of the circular feature near
af = 0° in the experimentally obtained scattering patterns shown in the next
section.

Analysis of grazing incidence X-ray scattering data requires the iterative
simulation of X-scattering patterns emerging from various surface and near-
surface geometries. BornAgain, a software package employing the distorted-
wave Born approximation for simulating and fitting scattering at grazing inci-
dence, was used to iteratively vary near-surface sample geometries and obtain
agreement between the experimental and simulated scattering patterns.>*

To probe the surface elemental composition of STNNi films after exposure to
reducing treatments, we conducted X-ray absorption spectroscopy with an STM
tip apex as the XAS detector at the XTIP beamline (4-ID-E) of the Advanced Photon
Source.”*?* The tip-sample junction of an STM was targeted with X-rays, and the
X-ray absorption intensity was measured with the STM tip apex as a probe, with
incident photons at 847 eV (before the Ni L;-edge) and 852.2 eV (at the Ni Ls-edge)
across a 216 nm x 300 nm region in 12 nm intervals. This approach provides the
Ni XAS intensity at intervals smaller than the features expected on the STNNi
surfaces discussed in the results. To prevent the detection of photoelectrons
emitted from regions far from the tip apex, a coaxial “smart” tip was fabricated
with a PtIr center, coated by layers of SiO,, Ti, and Au.”® To extract the X-ray
induced contributions to the STM tunneling current, the incident X-ray beam
was chopped at 650 Hz, and a phase sensitive filter extracted all beam-induced
currents at the chopping frequency.”® Throughout the course of the measure-
ment, the sample was kept under 2 x 10~ ° Torr and at room temperature. These
measurements are presented in the ESL{

3. Experimental results
3.1. In situ XPS of STNNi during reducing treatments

Fig. 1 shows the Ni 3p and Ti 3s photoemission spectra with 900 eV incident
photons for an STNNi sample after progressive reducing treatments in 1 Torr H,.
In the as-prepared state, the Ni 3p feature above 68 €V is characteristic of Ni**.”
Heating in 1 Torr of H, gas with increasingly higher temperatures and longer
times shifts the position of the Ni 3p feature to 66.5 eV, characteristic of a tran-
sition to Ni’. At the same time, the Ni 3p intensity increases notably compared to
that of Ti 3s. This indicates that the surface becomes increasingly enriched in Ni°

as the duration and temperature of the reducing treatments increase. This is in
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Fig. 1 (a) Ni 3p and Ti 3s regions at 900 eV photon energy are shown on STNNi after
reducing in 1 Torr H; at increasing annealing times and temperatures. (b) Ni 3p and Ti 3s
regions at 1300 eV photon energy measured on as prepared STNNi (black circles) and after
annealing in 1 Torr H, at 500 °C. The increased photon energy in (b) is accompanied by
a decrease in the photon flux, hence the results in (b) are displayed by dots rather than
lines.

agreement with the tendency of Ni in STNNi to accumulate and form Ni-rich
nanostructures fully embedded beneath the host surface, which then migrate
to the surface to form nanoparticles upon reduction.®

To probe the sample composition deeper into the subsurface, we also
measured the Ni 3p and Ti 3s regions with 1300 eV incident photons (Fig. 1b).
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This increased the kinetic energy of the Ni 3p and Ti 3s electrons, thus increasing
their inelastic mean free path (IMFP) from ~1.63 nm at 900 eV to ~2.23 nm at
1300 eV, and thus also increasing their probing depth.*® In this greater depth, the
Ni 3p area increased less than in the near-surface region probed in Fig. 1. Hence,
while Ni migrates to the surface during reducing treatments, the sample
composition was less affected in the sub-surface/bulk.

We also monitored the Sr and Ti composition and oxidation states during Ni
reduction and migration. The Sr 3d and Ti 2p intensities both initially decrease
(Fig. 2a and b), consistent with Ni enrichment at the STNNi surface. In spite of the
reducing treatments and Ni migration, the Sr and Ti oxidation states remain
mostly stable during the experiment. More quantitative discussion of the

a Photon Energy = 900 eV
— 500°C 80 min
— 400°C 120 min| , g/%*
— 400°C 30 min
— As Prepared

Sr 3d Intensity (Arb)

T ‘ T T I T T | T T | T T | T
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Fig. 2 Sr 3d (a) and Ti 2p (b) regions after increasingly reducing treatments in 1 Torr of H,
gas. Epnoton = 900 eV.
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intensities is provided in the accompanying Faraday Discussion. Interestingly,
previous investigations revealed the formation of Ni-rich nanostructures fully
embedded beneath the STNNi surface.” The stability of the Sr and Ti oxidation
states could suggest the migration of Ni from these nanostructures, leaving the
perovskite structure otherwise intact. However, further investigation is necessary
to confirm the subsurface sites from which the Ni migrates.

3.2. Ex situ AFM and elemental distribution

To understand the surface structure before and after Ni exsolution, we measured
ex situ AFM on STNNi films in their as-prepared state, and after reducing at 800 °C
for five hours in a 1 : 24 H, : Ar mixture. The as-prepared films exhibited a step-
ped-terrace structure (Fig. 3a) with 0.4 nm step height, equivalent to one SrTiO;
unit cell.*” After reducing in H,, the surface was decorated with high contrast
structures, averaging approximately 27.8 nm wide and 7.1 nm high (Fig. 3b).
Lower contrast features were also present, with a height of 0.4 nm, consistent with
the height of one SrTiOj; unit cell (visible in Fig. 3b, inset). These lower contrast
features possessed more varied geometries than the higher contrast features, had
a typical width of 27.5 nm, and populated the surface more densely than the
higher contrast features. The three-dimensional morphology of the brighter
features is consistent with nanoparticle formation upon Ni exsolution,>'* while
the 0.4 nm height of the low contrast features is consistent with the height of one
SrTiO; unit cell. This suggests that the latter features are related to a relaxation or
reconstruction of the STNNi host lattice during the reduction and nanoparticle
formation. To further support the identification of the high contrast features as Ni
nanoparticles, we also conducted X-ray absorption spectroscopy (XAS) using SX-
STM to locally probe the surface composition of such a film already exposed to
reducing treatment. The results are presented in the ESI,} and agree with the
assignment of the high contrast features as exsolved Ni nanoparticles. The 0.4 nm
height of the low contrast features observed in AFM suggests a possible

b After reducing treatment

(800°C, 5h, 4% H,/ Ar)
—

a As prepared STNNi

Fig. 3 Ex situ AFM imaging of STNNi surfaces in the as prepared state (a) and after
reducing treatment in an H, : Ar mixture at 800 °C (b).
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transformation of the STO host surface upon reduction and nanoparticle
formation. Indeed, one potential explanation for the emergence of the lower
contrast features is that Ni nanoparticle formation leaves behind subsurface Ni
vacancies, generating structural instability in the host lattice.

3.3. GIXS of STNNi during reducing treatments

To understand the nucleation, growth, and evolution of Ni nanoparticles during
reducing treatments, we collected GIXS from STNNi surfaces during the in situ
XPS measurements shown in Fig. 1 and 2. This was done using a recently
developed system enabling simultaneous in situ APXPS and APGIXS measure-
ments on the same sample region.'® The X-ray scattering geometry is shown in
Fig. 4a, along with an illustration of its orientation with respect to the APXPS
aperture of the hemispherical analyzer. This aperture provides a pathway for
photoelectrons to travel from the sample to the electron energy analyzer, while
limiting gas flow through the aperture.

X-ray scattering patterns (Fig. 4b-e) were collected during the measurements
shown in Fig. 1 and 2 on probing regions overlapping with the XPS measure-
ments, under the same conditions. This enabled the direct correlation between
chemical, compositional, and structural transformations at each condition
during in situ experiments. The sample that produced the scattering pattern in

a APGIXS

\ncident
Beam Scattered
Beam

As-Prepared STNNi 30 min. annealed 120 min. annealed 80 min. annealed Pre-Exsolved (5 hr)
UHV | RT 1TorrH, | 400°C 1TorrH | 400°C 1TorrH,|500°C  1:24H,:Ar| 800°C

&b hv=700ev 1300 eV 1300 eV 1300 eV 1300 eV
T T
3 0 -

6 -3 0 3 6 6-30 36 -6 6 -3 0 3 6 mn
0 (°) 0 (°) ¢ (° ) ef( ) 0 (°)

max

af (%)
|9x1d 4ad s3Un0) @)

Fig. 4 (a) Combined AP-XPS-GIXS layout. Scattering patterns (b—f) measured from STNNi
under progressively reducing conditions. (b) as prepared (‘pristine’), (c) after annealing at
400 °C for 30 minutes in 1 Torr H, gas (green arrow shows the emergence of the Yoneda
line), (d) annealed at 400 °C for 90 more minutes in 1 Torr H,, (e) annealed at 500 °C for 80
more minutes in 1 Torr Hy, and (f) on an STNNi film pre-annealed ex situ at 800 °C in
a 1:24 H,: Ar mixture for five hours and transferred through air to measure GIXS.
[Scattering parameters: (a) hv = 700 eV, ; = 1°; (b—e) hy = 1300 eV, o; = 0.4°. Color bar is
in logarithmic scale covering 4.3 orders of magnitude].
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Fig. 4f was reduced ex situ by exposure to a 1 : 24 H, : Ar mixture at 800 °C for five
hours prior to measurement, and was used as a limiting case for the in situ
measurements. AFM on that sample revealed nanoparticles of 54 nm lateral width
(not shown here). Hence, we limited the lateral size of the simulated particles to
~50 nm.

Before beginning the exsolution process by reducing in H,, measurement of
pristine STNNi targeted by 700 eV incident photons yields a clear scattering
feature (indicated by an arrow in Fig. 4b) that is asymmetric with respect to the
incident beam direction, appearing as a streak to one side of the beamstop.
Asymmetric scattering with respect to the scattering plane (which is parallel to the
incident beam direction and normal to the sample surface) requires scattering
centers oriented asymmetrically with respect to the scattering plane. Faceted
surface structures aligned off-axis from the scattering plane are one example of
oriented features that can produce this behavior. In fact, our sample was mounted
with the [100] crystal direction of the STNNi film rotated by approximately 10°
azimuthally from the scattering plane, potentially explaining the presence of this
asymmetric streak in the scattering. As we will discuss next, however, this feature
is attributed to the STNNi step structure, which can have an orientation instead
related to miscut directions during crystal fabrication.

In order to increase our capability to capture the form factor of smaller objects,
subsequent measurements were done at a higher incident photon energy of
1300 eV. As a secondary effect, increasing the excitation energy also decreased the
photon flux by almost an order of magnitude, slightly affecting the signal/noise
ratio of following datasets. Further, at low angles, the polar scattering angle, «af,
varies inversely with the photon energy.*®

After starting the exsolution process, when the STNNi was heated for
increasing times and to higher temperatures in H,, the asymmetric streak became
more diffuse, and a new horizontally elongated diffuse feature emerged near oy =
1.5° (Fig. 4c—f). This feature is related to the nucleation and growth of Ni nano-
particles partially embedded at the sample surface. We will next interpret these
features within qualitative agreement with simulated scattering patterns.

3.4. Qualitative interpretation of Ni nanoparticles’ morphology

X-ray scattering simulations were based on a model of partially embedded
particles of varying size, shape, and nearest neighbor distance, together with
linear/rectangular features mimicking terrace steps. Optimizing the geometry and
distribution for each scattering pattern enables us to reveal trends in sample
structure transformations emerging under each condition. To limit the simula-
tion time, it is generally necessary to restrict simulations to a feasible set of
sample geometries. Hence, based on information from ex situ AFM and SX-STM,
we restricted the Ni particle geometries to spheres, compressed spheroids, hemi-
ellipsoids, and hemispheres. These were allowed to have various distributions of
diameters, heights, and nearest neighbor distances. The largest average particle
sizes considered were 50 nm in diameter. The height of the nanoparticles above
the STNNi film surface was limited to 8 nm.

Before reduction, the pristine STNNi surface produces an asymmetric streak
with respect to the incident beam (blue arrow, Fig. 4b). This streak is consistent
with a structure of a several hundred nanometer periodicity, oriented
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asymmetrically with respect to the incident beam. The only sample feature fitting
this description is the STNNi step structure. As such, we treated the STNNi steps
by a periodic, partially disordered array of extremely elongated rectangular
islands with 0.4 nm height, equal to the size of one SrTiO; unit cell (Fig. 5a).

Upon nanoparticle formation, the best qualitative agreement with the exper-
iment was obtained for ellipsoidal particles embedded partially within the STNNi
surface (Fig. 6a-f). For comparison, Fig. 6g-1 show the result for spherical parti-
cles, partially embedded in the STNNi surface. In both cases, the average particle
height above the surface was restricted to =8 nm. At 8 nm diameter, the spheres
and the spheroids both produce a diffuse scattering feature near oy = 1.5°, in
agreement with the experiment. We note that af = 1.5° is in the proximity of the
critical angle for STNNi at 1300 eV, which explains the enhanced scattering
intensity, otherwise known as the Yoneda line, at this region. The feature is
relatively broad, since the exsolved nanoparticles cause increased film roughness
compared to the initial atomically flat surface.

Fig. 5 (a) The pristine samples were modeled as flat STNNi surfaces with a partially
ordered square lattice of rectangular islands having 20 nm width, 350 + 75 nm length, and
400 + 45 nm lattice periodicity, to simulate a disordered step geometry. (b) Surfaces
containing exsolved Ni nanoparticles were treated by the inclusion of a disordered lattice
of Ni particles whose size distribution and periodicity were increased with conditions to
model the experimental particle geometries and distributions.
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Fig. 6 Simulated scattering patterns for partially embedded spheroidal (a—f) and spherical
(g-1) particles: the [100] surface direction of STNNi is rotated 11° azimuthally from the
scattering plane. Each sequence begins with scattering from a pristine STNNi surface
before nanoparticle formation (b and h), and is followed by scattering patterns from
surfaces populated by Ni°® nanoparticles of increasing diameter and height (b—f and h-1).
The color bar is in logyg, with arbitrary units crossing 5.5 orders of magnitude.

As the particle diameter increased to 50 nm, the spherical particles produced
patterns deviating significantly from the experiment (Fig. 6k and 1), with
a compression of the Yoneda line and the development of a strong modulation in
the form factor along g, (i.e. along ), which are not observed in the experiment.
Meanwhile, spheroidal particles produced reasonable agreement across the
entire range of particle sizes considered, with g, modulations absent in the
simulations due much lower nanoparticle heights.

The finding that exsolved Ni® nanoparticles adopt a significantly compressed
spheroidal morphology is somewhat in contrast with previous investigations on
smaller exsolved particles, which often appear more symmetric.*** However,
differences in the sample growth and exsolution environment significantly affect
particle shape.'®"*"** For example, the STNNi films measured in our experiments
are only 12 nm thick, potentially limiting the nanoparticle height, while their
lateral size is unrestricted. Moreover, Neagu et al. demonstrated the dependence
of Ni nanoparticle shape on the concentration of Ni atoms in the perovskite host
lattice.” It is also possible that a competition between surface and interfacial
energies between the vacuum, Ni°, and the STNNi host also favors the growth of
increasingly compressed particles.

3.5. Ni nanoparticle formation quantified from XPS and GIXS experiments

Finally, to understand the correlation between Ni segregation and nanoparticle
formation, we quantified both the metallic Ni intensity from the Ni 3p XPS region,
and the integrated intensity of the Yoneda line feature, both at progressive stages
of the exsolution process. It has been previously established that the Yoneda
intensity can be used to assess roughness/inhomogeneities in planar systems,
similar to the STNNi films presented here.*

The XPS intensity ratio between Ni® 3p and Ti 3s is plotted in Fig. 7a, and the
integrated Yoneda intensities are plotted in Fig. 7b. Ni 3p and Ti 3s intensities
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Fig. 7 (a) Relative Ni enrichment determined from Ni 3p intensity at the STNNi surface as
a function of the reducing treatment. (b) Experimental (red) and simulated (blue) Yoneda
line intensity as a function of treatment. The location of the Yoneda line is indicated by the
dotted boxes in the inset scattering pattern. The intensity of the last point in (b) is
normalized to 1 for both the APGIXS and simulated scattering patterns.

were determined by fitting the Ni 3p (two Voigt doublets, corresponding to Ni**
and Ni°) and Ti 3s (single Voigt spectral peak) regions (ESIT). Yoneda intensities
were integrated in both the experimental and simulated scattering patterns across
the region, illustrated by the inset in Fig. 7b.

No metallic Ni appears in the Ni 3p region of the as-prepared sample. Three
further Ni 3p measurements upon annealing in H, show the increased intensity of
the Ni° doublet (Fig. 1a and ESI). The Ni° : Ti ratio first increases to ~0.42, and
gradually evolves to ~0.59 (Fig. 7a). The Ni® XPS intensity increases by a factor of
1.4 between the first annealing condition (annealed for 30 min at 400 °C in H,)
and the last step of exsolution (80 min at 500 °C in H,). The ratio of the Ni° 3p to Ti
3sintensities for each condition was used, along with the experimentally obtained
scattering patterns, to determine the particle sizes used in the simulations shown
in Fig. 6.

The qualitative agreement between the increasing trends in the Ni® XPS signal
and Yoneda line intensity confirms the increasing amount and size of the Ni
nanoparticles. However, the Yoneda line intensity increases by a factor of ~2
between the first and the last step in the exsolution process. The explanation for
these different amounts of signal enhancement (~1.4 in Ni® XPS and ~2 in the X-
ray scattering Yoneda feature) can be found in the different quantities that XPS
and X-ray scattering measure.

Even at a very grazing incidence, the information depth in soft X-ray photo-
electron spectroscopy is still limited by the photoelectron inelastic mean free path
(IMFP), or more precisely by the electron attenuation length. For the excitation
energies used here, the photoelectron IMFP in STO is less than 2 nm, significantly
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less than either the thickness of the STNNi film or the expected height of the
exsolved nanoparticles. On the other hand, the penetration depth of X-rays and
the evanescent wave associated with the incident X-ray wave cover the entire
thickness of the STNNi film and penetrate through the nanoparticles in their
entirety. As a direct consequence of the information depth difference, the XPS
signal detecting Ni® atoms can only account for the topmost part (ca. 2-4 nm) of
the nanoparticles, while the X-ray scattering signal originates from the scatterers
throughout their entire volume.

For a fully quantitative comparison, corresponding photoelectron spectra (Ti
3s and Ni 3p) were simulated using the SESSA package® at each stage of the
exsolution. The size and density of nanoparticles in the SESSA models were
optimized to yield the same Ni° : Ti ratio in the simulated and experimental data.
In a self-consistent manner, the same modeled size/density of nanoparticles were
then iteratively used to generate scattering simulations in the BornAgain package
(Fig. 6b-f). This structural and chemical model of the nanoparticles yields an
excellent agreement for both spectroscopic and scattering data in Fig. 7a and b.

Both the Ni® XPS and Yoneda line intensities increase less between the last two
conditions (120 min at 400 °C and 80 min at 500 °C). It is likely that the exsolution
process began depleting the bulk of the STTNi film of nickel, and the nano-
particles’ volumes continued slowly increasing. Within the accuracy explained
above, the quantitative agreement between the increase in the Ni® XPS signal and
the Yoneda line intensity also confirm the correlation between the morphology of
the exsolved nanoparticles (elongated spheroid like particles) and their chemistry
being metallic Ni. This observation of the exsolution process by both X-ray
photoelectron spectroscopy and X-ray scattering provides a strong link between
morphology and chemistry in the Ni nanoparticle/STNNi system.

4. Conclusions

Using in situ APXPS, we found that Ni migrated to the STNNi surface during
reductive annealing treatments in 1 Torr of H, gas. Ni** was reduced to Ni® upon
migration to the surface, while the Sr and Ti oxidation states were mostly
unchanged. Increasing the XPS probing depth by increasing the photon energy
revealed a less dramatic increase in Ni concentration, suggesting that the near-
surface is less Ni enriched than the surface. Ex situ scanning probe measure-
ments revealed approximately spherical Ni surface morphologies grown in
response to reducing treatments. Throughout the nanoparticle growth process, in
situ GIXS revealed the formation of spheroidal nanoparticles with a compressed
geometry (Fig. 6a).

Because reaction environments influence the size, shape, distribution, and
oxidation state of exsolved nanoparticles, it is crucial to understand their struc-
tural and chemical evolution in situ and under reaction conditions. Previous
investigations have provided valuable insights into the atomic scale nucleation
and early-stage growth of exsolved nanoparticles. To achieve atomic scale reso-
lution, however, it is often necessary to use methods such as environmental
transmission electron microscopy, which place stringent constraints on the
sample geometry, such as the use of oriented, electron transparent samples. Here,
we were able to simultaneously probe the dynamic Ni atom migration, chemical
state evolution, and nanoparticle growth and morphology as the particles grew
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beyond the initial stages of nucleation and growth, across the region illuminated
by incident X-rays, hundreds of microns in width. The X-ray methods used here
provide both surface and sub-surface information, which makes them perfect
complementary techniques to scanning probes, such as STM or AFM.

Because exsolved nanoparticles were previously shown to have enhanced
stability and coking resistance, these findings provide a detailed picture of the
behavior of an important emerging class of catalysts. Additionally, this study
serves as a proof of concept for monitoring in situ structural and chemical
evolution in ambient gas and reaction environments by combining APXPS and
APGIXS. For example, these methods can also be applied to directly correlate
catalyst restructuring and chemical state evolution during reactions. Long
standing questions of structure-activity relationships for many catalysts remain
unanswered due to challenges in measuring the structure and chemical state of
the catalyst in operando. Combining X-ray spectroscopies, scattering, and mass
spectrometry/gas chromatography opens up possibilities to study how these
transformations result from, and at the same time often drive, chemical
activity.
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