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Direct atomic scale information on how the structure of supported nanoparticles is affected by the
metal-support interaction is rare. Using scanning transmission electron microscopy, we provide direct
evidence of a facet-dependent support interaction for Pt nanoparticles on CeO,, governing the dimen-
sionality of small platinum particles. Our findings indicate that particles consisting of less than ~130 atoms
prefer a 3D shape on CeO,(111) facets, while 2D raft structures are favored on CeO,(100) facets.
Measurements of stationary particles on both surface facets are supplemented by time resolved measure-
ments following a single particle with atomic resolution as it migrates from CeO,(111) to CeO,(100),
undergoing a dimensionality change from 3D to 2D. The intricate transformation mechanism reveals how
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the 3D particle disassembles and completely wets a neighboring CeO,(100) facet. Density functional
theory calculations confirm the structure-trend and reveal the thermodynamic driving force for the
migration of small particles. Knowledge of the presented metal—support interactions is crucial to establish
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Introduction

Understanding how clusters and nanoparticles are affected by
their local environment is key to optimizing particle-based
functional materials. Free-standing metal nanoparticles are
usually expected to adopt icosahedral, decahedral or octa-
hedral shape, as predicted by the Wulff theorem."> However,
nanoparticles are not free-standing in most applications, and
thus a range of factors must be taken into account to predict
the structure and thereby properties of a supported particle.
Considering a small metal particle on a metal-oxide surface,
some key factors for the structural prediction are particle size,
surface energy of the particle and of the support facet,” geome-
try of the interface, and chemical environment.”” Adding
metal-support interactions (MSI) into computational studies
increases the computational complexity significantly, and a
substantial number of stable particle structures could be envi-
sioned. Experimental data in the form of direct observations
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structure—function relationships in a range of applications based on supported nanostructures.

could reduce the number of theoretically possible structures to
the most relevant ones. Still, direct observations showing
atomically resolved structural information of both particle and
support are scarce,® '* and even rarer is experimental data on
how a single particle is affected by different supporting facets.
Scanning transmission electron microscopy (STEM) is a
standard technique for analysis of nanostructured materials.
The mass-thickness contrast and the incoherent nature of the
high-angle annular dark-field (HAADF) signal yields directly
interpretable high resolution STEM (HR-STEM) data, and is
especially suited for material systems where the active phase
has a larger atomic number than the support, as is the case for
many materials used in heterogeneous catalysts.""™* With
modern detectors and aberration corrected microscopes, it is
possible to acquire HAADF-STEM data with a spatial resolution
of less than 50 pm at several frames per second.'*' In order
to utilize the full potential of STEM and extract three-dimen-
sional information about a nanostructure, there are in prin-
ciple three possible approaches: tomography,'®'® depth sec-
tioning," and atom counting.>**> Due to the small electron
dose needed, atom counting is the most suitable approach
when studying small and sensitive surface-supported nano-
structures that behave dynamically. The technique is based on
post-processing of experimental images followed by analysis of
the pixel intensities of imaged atomic columns to statistically
estimate the number of atoms in the depth of each column.
Arranging the number of atoms according to a lattice
then yields a rough 3D model of the imaged nanostructure.
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To verify the validity of the proposed structure, STEM image
simulations of the estimated structure can be directly com-
pared with experimental data.?*™>*

Platinum particles supported on cerium dioxide is a widely
studied material system, commonly used as an oxidation
catalyst.’* > The relevant Pt particle size in catalyst appli-
cations is generally below 5 nm, and particles up to a few
hundred atoms are attracting most attention.>®72830732
Recently, two-dimensional (2D) Pt particles and ways to
promote their formation have been discussed in
literature.?®3373¢ These structures have been reported to have
favorable catalytic properties, especially for low temperature
CO oxidation, which is a reaction of high technological
relevance.?®?* The reason why 2D structures are measured to
have a higher activity than 3D structures is not fully under-
stood, however one speculation is that planar structures
increase the Pt/ceria interface, which could be beneficial for
low-temperature CO oxidation via a Mars-van Krevelen reac-
tion path.’”*® Considering the large difference in surface
energy® and reported performance of Ce0O,(100) and
Ce0,(111) facets,’”*! the question arises whether the corres-
ponding support interactions would be sufficiently strong to
modify the structural preference for supported nanostructures.

In this work, we utilize time-resolved atomic-resolution
STEM imaging to unravel support-facet-dependent effects on
the structure and morphology of platinum nanoparticles on
CeO,. We generate realistic atomic models of observed particle
structures and estimate their stability by density functional
theory (DFT) calculations. Moreover, a particle is monitored
with atomic resolution as it migrates from CeO,(111) to
Ce0,(100). We observe a structural transformation in the par-
ticle from a 3D shape to a 2D shape as the particle moves from
Ce0,(111) to Ce0,(100) and we discuss the implications of,
mechanisms within, and causes behind, the transformation.

View Article Online

Nanoscale

Results

The comprehensive high resolution HAADF-STEM study of
size-selected Pt,3, particles deposited by the cluster beam tech-
nique** onto CeO,, reveals a dynamic particle behavior.
Platinum particles on CeO,(111) were found in several orien-
tations with respect to the support, with a slight preference for
the alignment of the (110) zone axes of the support and par-
ticle, which is in agreement with previous reports.*> In all
cases where the crystal structure of the Pt particle is visible,
and thus well aligned to the electron beam, we can identify
that the interface between particle and support is Pt(111) on
CeO,(111). The (111) facet is the stable facet for both Pt and
CeO, and indicates a low adhesion energy.”?***** As a result
of the weak interaction, we see that Pt particles on CeO,(111)
are dynamic and transform between different 3D structures
while maintaining the epitaxial relation. A representative
dynamic sequence is presented in Fig. 1 (see also ESI movies 1
& 27).

Frequently, we also detect a few ceria columns in the vicin-
ity of observed particle-support interfaces (one example is
highlighted in Fig. 1b). Such columns form a small ceria step
that typically moves with the diffusing Pt particle on
Ce0,(111). We exclude that the step could be Pt atoms as they
fit well with the ceria lattice and never participated in the
observed Pt-dynamics. For model simplicity, we also assume
that there is no intermixing of Pt and Ce in the interfacial
columns. DFT calculations of the structures in Fig. 2, with
and without a ceria step next to the interface, show that
the step only has a marginal stabilizing effect on the Pt par-
ticle. However, it is clear that the presence of the ceria
columns influences the dynamics of the Pt particle and
enables the formation of unusual structures like the one dis-
played in Fig. 1f.
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Fig.1 HAADF-STEM images of a single platinum particle supported on CeO,(111) in vacuum. Platinum (turquoise) has been false colored to
improve visibility (grayscale version in Fig. S71). (a) Full field-of-view of the region of interest. (b—i) Selected frames from a time series showing the
dynamic behavior of the particle in (a) (full sequence in SI_mov_11). (c) The facet facing the CeO,-step is unstable and is restructuring. (d and e) The
particle rotates and climbs on top of a CeO, column. (f) An intermediate quasi-stable structure where the side facing the step no longer follows the
lattice of the rest of the particle. (g and h) The upper two layers are unstable and the particle tilts over to the right so that the facet facing the CeO,-

step is Pt(111) instead of Pt(100). (i) A five-layer structure is formed.
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(a—c) Experimental HAADF-STEM image (Exp.), simulated image (Sim.), and predicted and computationally relaxed structure (side-view and

top-view) of three structures adopted by the Pty;5 particle in Fig. 1. Despite having different structures, the three particles have similar stability. The
simulated images are multi-slice STEM simulations of the predicted structures with Poisson noise applied. False color STEM images: columns ident-
ified as Pt, based on the local lattice spacing and image intensity, are plotted in turquoise (grayscale version in Fig. S87).

We selected three stable structures, adopted by the particle
in Fig. 1, and conducted further analysis to estimate particle
size, stability, wetting angles and exposed facets. Based on our
iterative particle analysis (see methods) we expect the particle
to consist of about 118 atoms. The size-selected clusters were
supposed to yield 130 atom clusters. Taking into account the
accuracy of the cluster-beam deposition technique, some
atoms lost on impact, and subsequent sample preparation,
118 atoms is a reasonable number. The predicted structures
are presented in Fig. 2 along with corresponding experimental
and simulated HAADF-STEM images. The stability of a particle
structure was defined as the difference between total energy
per Pt atom and Pt cohesive energy, thus a smaller value indi-
cates a more stable structure with zero being the same stability
as Pt in the bulk (see methods). For the three models in
Fig. 2a, b and c, the stability was calculated to be 0.62 eV per
atom, 0.62 eV per atom and 0.61 eV per atom, respectively.
This can be compared to the stability of a freestanding trun-
cated octahedron Pt that is 0.74 eV per atom. The difference
in Eg,p of the three supported particles is smaller than the
thermal fluctuations per atom at room temperature, which
indicates that all three structures should be present under the
experimental conditions, regardless of electron irradiation,
provided that the transformation barriers are small. A sym-
metric and ideal Pt;;4 particle inspired by the other structures
was also relaxed to act as reference (Fig. S21). Notably, this

This journal is © The Royal Society of Chemistry 2023

structure was calculated to be slightly less stable than the esti-
mated particles with an Eg,, of 0.64 eV per atom. The esti-
mated particles exhibit only (111) and (100) facets. Regarding
wetting angle, we observe no apparent trend besides the par-
ticle facet facing the ceria step generally forming an obtuse
wetting angle. Otherwise, both (111) and (100) facets could be
found with obtuse and acute wetting angles. A Bader charge
analysis was carried out and we observe a similar charge trans-
fer from all structures to the support, giving rise to Ce*" in the
ceria surface. The transfer of charge from the metal to the
oxide is consistent with previous reports.*>

Most of the observed particles are reminiscent of four-layer
half truncated octahedra with a (111) base and top. The (111)
side surfaces have a diameter of 5 atoms and the (100) square
facets are 3 by 3 atoms. However, the structures are somewhat
asymmetric as some (100) facets extend all the way down to
the interface like on the right side of the structure in Fig. 1b, ¢
and f.

The particle analyzed in Fig. 1 and 2 stayed on the
Ce0,(111) facet for 95 min until it spontaneously moved to the
edge of the CeO,(111) facet and started migrating onto the
neighboring CeO,(100) facet. The observed dynamics is likely
triggered by the impact of the electron beam and thus by the
elastic interaction of incident electrons with Pt atoms. The par-
ticle moves initially as a 3D unit onto a (113) nanofacet of
ceria where it adopts quasi-stable crystalline structures

Nanoscale, 2023,15, 19091-19098 | 19093
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showing a complex interface. The particle remains in this posi-
tion and appears kinetically and/or thermodynamically hin-
dered to diffuse further as one unit. Instead, single atoms start
diffusing from the particle base onto the neighboring (100)
facet where a 2D Pt structure forms. As the raft grows, it
replaces surface ceria columns effectively reducing the size of
the exposed high energy CeO,(100) facet. Selected frames of
the sequence are presented in Fig. 3. The 2D structure
appeared stable during imaging and no signs of Pt atoms
forming a second Pt layer were observed. To elucidate the
migration, the stability of Pt;; on CeO,(111) and CeO,(100),
representing the initial and final state of the experimental
observation, was investigated. The Pt;, particle was selected to
reduce the computational load, and it was relaxed on the two
facets in both 3D and 2D configurations. The initial 3D struc-
ture was derived from the core of the larger Pt;,5 particle. The
Ce0,(100) surface was considered to be oxygen terminated
with half the oxygen coverage at the surface, which is a non-
polar surface.*®
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On Ce0,(111), the 3D structure is found to be preferred
over the 2D structure by 5.5 eV (Fig. S31). The reverse trend
applies for CeO,(100) where the 2D structure is preferred by
3.9 eV over the 3D structure (Fig. S4F). The most stable struc-
ture of the monolayer on CeO,(100) is by our calculations a
(111) plane with a calculated stability of 0.63 eV per atom,
which is similar to the more than three times larger 3D struc-
tures in Fig. 2. In contrast, the stability of the favored 3D struc-
ture of Ptz; on CeO,(111) was calculated to 0.92 eV per atom.
The significantly higher value signals a strong thermodynamic
driving force for migration from CeO,(111) to CeO,(100) for
Pt;,. Furthermore, moving one of the atoms of the raft to form
a second layer was calculated to be endothermic by 2 eV on
Ce0,(100), which is in accord with the experimental obser-
vation of a stable 2D structure. Interestingly, the opposite
applies for CeO,(111), where formation of an adatom in a
second layer is exothermic by 0.9 eV. It is noteworthy that a
raft of the (111) plane is the favored structure despite the
square symmetry of the underlying CeO,(100). This agrees
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Fig. 3 HAADF-STEM time series of a platinum particle migrating from CeO,(111) to CeO,(100). The particle transforms from a 3D structure to a 2D
structure because of the change in supporting facet. The transformation mechanism shows how single atoms diffuse from the base of the 3D par-
ticle to form a raft on the neighboring CeO,(100) facet. The full sequence can be seen in the ESI movies (SI_mov_3 & SI_mov_47). False color STEM
images: columns identified as Pt, based on the local lattice spacing and image intensity, are plotted in turquoise (grayscale version in Fig. S97).
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Fig. 4

(a) HAADF-STEM image of the final 2D structure. (b) Relaxed model of a Pt(111) raft on a CeO,(100) surface. (c) Side view of (b). Black arrows

point at a few examples of large structural relaxation in the CeO, surface oxygen anions. (d) STEM simulation of the structural model in (b) and (c),
showing a similar signature as the experimental observation in (a). False color STEM image: columns identified as Pt, based on the local lattice
spacing and image intensity, are plotted in turquoise (grayscale version in Fig. S107).

with previously reported observations of non-embedded 2D Pt
structures on CeO, that do not follow the registry of the ceria
lattice.>® The hexagonal atom arrangement in the Pt-raft gives
rise to a large structural relaxation in the ceria layer, which can
be seen in Fig. 4. During structural optimization, oxygen
anions are relaxed to the interface of the raft.

Discussion

For three-dimensional particles about 130 atoms in size, our
results show that the energy landscape of possible structures is
complex, and considering thermal fluctuations, there is likely
not one strictly favorable structure at room temperature. The
fact that a symmetric Pt;4 particle is less stable than an asym-
metric Pty,g particle with very similar structure further sup-
ports this conclusion. The dynamic behavior of the 3D par-
ticles, including transformations between different structures,
is likely temperature induced,'* activated, and to some degree
amplified, by the electron beam. However, we believe that for
this specific material (Pt/CeO,), and with the chosen imaging
parameters, the electron beam is non-destructive and relatively
gentle. This is corroborated by the fact that the particle under-
went no major structural changes for a duration of more than
90 min, prior to the actual facet transition. The long exposure
to electron irradiation without noticeable shrinking of the par-
ticle is not consistent with knock-on damage.*” Furthermore,
the effects of electron scattering within the sample cannot be
significant if particles with fewer than 130 atoms retain a
given structure for 10 s under electron irradiation, as observed
in our measurements. With a short pixel dwell time in STEM
imaging of down to 100 ns, we ensure that the sample only
accumulates a small amount of energy and has sufficient time
to relax before the beam probes the same area again.
Increasing the beam current by a factor of two, or the dwell

This journal is © The Royal Society of Chemistry 2023

time to the microsecond-scale, introduced significant volatility
in observed particle dynamics, and prevented acquisition of
images with similar level of structural information as in those
presented herein.

The migration sequence provides direct evidence that the
facet and termination of the CeO, support affects the structure
of supported Pt nanoparticles. As shown here, the effect can
even be large enough to control the dimensionality of moder-
ately sized species. On CeO,(100), small Pt particles are found
to be more stable as 2D rafts than as 3D particles. This was ver-
ified computationally for Pt;; and experimentally for Pt;qg.
Importantly, Pt;; on CeO,(100) is in the calculations found to
be more stable than a similarly sized 3D particle on CeO,(111),
thus there is a thermodynamic driving force for particle
migration between the facets. In the experiments of Pt;;g, the
migration from CeO,(111) to Ce0,(100) and the simultaneous
structural change appeared to be irreversible, which indicates
that the process is thermodynamically preferred also for this
particle. Yet, with increasing Pt particle size 3D structures are
expected also on CeO,(100) because of a decreasing surface-to-
bulk ratio.

The mechanism behind the transformation of the particle
from 3D to 2D is peculiar. The particle, which easily diffuses
as a 3D unit (via atomic elementary steps) on CeO,(111),
appears clamped in place with single atoms continuously
diffusing away at the first point of contact with the CeO,(100)
facet. Since this sequence was only observed once, not count-
ing particle images like Fig. S5a,f general conclusions about
specific transformation steps are hard to draw. The migration
is likely the product of random surface diffusion induced by
temperature and electron irradiation, until contact is made
with the (100) facet where the adhesion between Pt and
Ce0,(100) is too strong to maintain a 3D structure. The raft
then seems to grow in one plane. Although we never experi-
mentally observe any Pt adatoms on the Pt raft, it is possible

Nanoscale, 2023,15, 19091-19098 | 19095
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that they are present, only rare enough and too fast moving to
appear as more than noise in our data. With a temporal resolu-
tion of a few frames per second and a pixel dwell time on the
order of hundreds of nanoseconds, the probability of record-
ing a Pt adatom is low. A 300 keV electron can transfer more
than the 2 eV needed'! to generate a Pt adatom, thus they
should be present, and such a mechanism could therefore
contribute to the raft growth. As atoms detach, the crystalline
3D particle adopts a hemispherical shape, and it becomes
increasingly disordered. At first, the growing monolayer
retains the orientation of the particle with respect to the elec-
tron beam, but as it grows bigger, the Pt raft rotates, poten-
tially to adopt a structure like the one presented in Fig. 4. This
immediate dimensionality change on contact with the
Ce0,(100) facet raises the question whether all small particles
that migrate to CeO,(100) will form stable 2D structures loca-
lized just at the border of the facet. This could have impli-
cations for the ageing behavior of the Pt/CeO, catalyst and for
the desired morphology of CeO, to optimize the catalytic
activity of the supported Pt particles.

Experimental section
Sample preparation

Catalyst model systems were prepared by Pt-cluster deposition
onto a commercially available powder of 25 nm CeO, nano-
particles. The support powder was dispersed in methanol,
ground in a mortar, and drop casted on a copper TEM-grid
covered with a lacey carbon film. Size-selected Ptz clusters
were produced at the new Swansea Satellite Nanolab at
Diamond Light Source (B07) with the cluster beam deposition
technique. The cluster beam deposition source is a vacuum-
based magnetron-sputtering, gas condensation source,
equipped with a lateral time-of-flight mass filter.*” The resolu-
tion of the mass filter is about 1 atom in 20, and the trans-
mission efficiency for the selected mass is >50%. The Pt clus-
ters were landed in high vacuum at typical kinetic energies of
~1 eV per atom, the soft-landing regime. Before insertion into
the microscope, the samples were plasma cleaned in an
oxygen-argon plasma for 2 rounds of 3 s.

Scanning transmission electron microscopy

The samples were analyzed at room temperature with a probe-
corrected Titan Themis operated at 300 kV. The electron beam
and the imaging parameters were tuned to be as non-destruc-
tive as possible while still yielding interpretable atomic resolu-
tion data. The beam convergence angle was set to nominally
17.4 mrad and the spot size was chosen such that the beam
current was measured to a low value of ~20 pA. To further
limit beam-effects, the pixel dwell time was set to low values
between 100-500 ns, and the pixel size was never smaller than
25 pm. The electron dose in each scan is thus between 200
and 100 electrons per A% Longer dwell times and larger beam
currents lead to considerable volatility of the particle.

19096 | Nanoscale, 2023, 15,19091-19098
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Image series were recorded at up to 10 frames per second.
Frames were rigidly aligned with SmartAlign*® and sequential
frames showing the same structure were summed and aver-
aged resulting in atomically resolved images with high signal
to noise ratio. The images in Fig. 4 are the sum of 10 frames
while the ones in Fig. 1b-i are the sum of 3 frames. Initial 3D-
structures of the most stable observed structures were gener-
ated with StatSTEM.*® The structures were manually tweaked
to a compact structure by removing highly uncoordinated
atoms and filling gaping vacancies. A STEM simulation of the
resulting 3D structure was then calculated with Dr Probe®®
using a multi-slice algorithm. Poisson noise was added to the
simulated image to imitate the experimental noise. After visual
comparison between experimental and simulated images, the
estimated 3D structures were further tweaked and their STEM
image simulated again. This process was repeated until satis-
factory agreement between simulated image and experimental
image was achieved.

DFT calculations

Different Pt structures were relaxed on CeO,(111) and
Ce0,(100) using DFT calculations using the Vienna ab initio
simulation package (VASP).>'”>* The valence electrons are
described with a plane wave basis set using a cutoff energy of
420 eV, whereas the interaction between the valence and the
core electrons is described with the projector augmented wave
(PAW) method.”® The number of valence electrons treated
explicitly in the calculations are O(6), Pt(10) and Ce(12).
Exchange-correlation effects are modeled using the Perdew-
Burke-Ernzerhof (PBE) functional.®® A Hubbard-U term®® is
used for Ce 4f to better describe electron localization and for-
mation of Ce®" ions in case of charge transfer from Pt.
Following the literature, a U-value of 4.5 eV is used for Ce.””
The surface cells are large and the k-point sampling is, thus,
restricted to the gamma point. The electronic structure is con-
sidered to be converged when the energy difference between
subsequent steps is smaller than 5 x 107° eV. The atomic geo-
metries are optimized using the conjugate gradient method
and the structures are considered to be converged when all
forces are smaller than 5 x 1072 eV A™".

Different reconstructions for the CeO,(100) surface have
been proposed in literature.*® We have chosen a structure that
is 50% oxygen terminated compared to a pristine surface
(Fig. S17). Both the CeO,(111) and the CeO,(100) slabs are stoi-
chiometric with the same termination on both sides. With
these structures, the surface energy was calculated to be 0.72 J
m~> for CeO,(111) and 1.47 J m~> for Ce0,(100). The values
are in agreement with previous reports using similar compu-
tational approaches.*® The stability of a Pt particle supported
on CeO,(hkl) was calculated from the total DFT energies as:

1
Egab = (Ept/ceo, — Eceo, (i) — N - Ept(bulk))-
The charge distribution in the system was investigated

using a Bader charge analysis.>®

This journal is © The Royal Society of Chemistry 2023
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Conclusion

We have presented experimental and computational evidence
that the facet-dependent support interaction in Pt/CeO, is
strong enough (i) to control the dimensionality of moderately
sized Pt particles (<2 nm) and (ii) to trigger a diffusion con-
trolled transition of the Pt particles from the CeO,(111) to the
Ce0,(100) surface facet. The effect could potentially be utilized
to engineer the morphology of catalytic nanoparticles in the
Pt/CeO, system by tuning exposed surface facets of CeO, and
platinum particle size. Platinum particles of fewer than 130
atoms form stable 2D raft structures when supported on
Ce0,(100) in contrast to being a mobile 3D particle when sup-
ported on CeO,(111). Our DFT calculations show that this pro-
nounced change is directly related to the larger surface energy
of CeO,(100) and the corresponding high Pt/CeO,(100)
adhesion. The structure trend was confirmed by recording the
migration of a single Pt particle from a 3D structure on
Ce0,(111) to a 2D structure on CeO,(100). The migration
sequence shows how the particle stops on the ridge between
the two facets and single atoms diffuse onto the CeO,(100),
pushing away the surface ceria and forming a raft structure in
their wake. The mechanism is attributed to the high surface
energy of CeO,(100). Furthermore, the 2D structure is special
in that the most stable configuration is a Pt(111) plane on
Ce0,(100), two non-matching geometries that in turn give rise
to a large relaxation of the surface oxygen anions of CeO,. We
have also shown that 3D Pt;,4 particles on CeO,(111) are remi-
niscent of asymmetric half truncated octahedral, forming a Pt
(111) on CeO,(111) interface. Moreover, the difference in stabi-
lity of similar 3D structures is smaller than the thermal fluctu-
ations per atom at room temperature, which indicates that
under realistic conditions, and on identical supports, an
ensemble of particle structures should be expected. The find-
ings presented here might have a direct impact on understand-
ing the site-specific functionality of the technologically impor-
tant catalytic material, Pt/CeO,, and on its ageing behavior.
Our time-resolved atomic-resolution imaging approach out-
lines a straightforward experimental route to assess how sub-
strate interactions affect the structure of supported nano-
particles. This approach, based on scanning transmission elec-
tron microscopy, is extendible to measurements in gas atmos-
pheres under variable temperature conditions.

Data availability

Raw microscopy data and relaxed atomic models are available
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