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Abstract. The current quest for new pathways into sustainable, efficient and durable energy conversion technologies makes the need for a
fundamental understanding of the atomic-scale phenomena underlying catalytic processes ever more pressing. In this context, characterizing
catalyst particles in situ provides valuable information about the evolution of their composition, structure, oxidation state and charge state
during an ongoing process. To disentangle the influence of individual parameters — temperature, pressure, gas composition, cluster size, as
well as support acidity, redox state and defect density —, it is crucial to control them precisely and separately in experiments. At the example
of size-selected Pt, clusters — i.e. sub-nm particles defined to the exact number of atoms — on flat oxide supports, we follow their rich
evolution phenomena via (synchrotron-based) X-ray photoelectron spectroscopy (XPS) and scanning tunneling microscopy (STM) during
temperature ramps and in various gas environments. Here, we present our experience with these highly defined, yet complicated-to-create
samples in ultra-high vacuum (UHV) and at mbar pressures. We discuss their stability during transport to synchrotrons and under reaction
conditions on three prototypical oxide supports and show the various phenomena that can be disentangled. Pt, clusters on the non-reducible
silicon dioxide, SiO3, remain size-selected and show remarkable stability. Electronic doping strongly influences the size-dependent binding
energy shifts and changes the Pt response to oxidative and reaction conditions, which we attribute to different cluster geometries: p-type
doping leads to wetting, enhanced sinter resistance and a diminished response to oxidative environments, compared to clusters on n-type
doped samples. We compare the system with our previous findings of a similar change in dimensionality for Pty clusters on the reducible
ceria, Ce03(111), support, induced by a modulation of its O vacancy density. The Pt,/CeO, system is particularly interesting for strategies to
stabilize and redisperse Pt clusters dynamically. Finally, we study the evolution of Pt, clusters on another reducible oxide support, magnetite,
Fe304(001), in 0.1 mbar alternating redox conditions at RT and elevated temperature. In analogy to findings previously reported for
Pt/TiO2(110), the clusters either become encapsulated by a thin oxide film via strong metal-support interaction (SMSI) or deeply buried in
the magnetite. Overall, our approach of following the evolution of size-selected clusters on oxide supports leads to fundamental atomic-
scale insights on nano-scale catalyst materials, on our path to sustainable, dynamic and self-repairing catalysts.
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Introduction

From fine chemical synthesis over exhaust control to electro- and photocatalytic energy conversion, most chemical processes\iely/oneatalysts
to enhance energy and material efficiency. Metal nanoparticles make up the majority of heterogeneous catal{sts; L &30ty AR & Righ
surface-to-volume ratio and are typically much more active than their bulk counterparts. Clusters — here defined as particles <1 nm in
diameter — are even smaller and exhibit even more peculiar properties.2® Metal clusters like Pt or Pd, for example, open up a band gap.4®
Clusters are in the so-called non-scalable size regime, where physical and chemical properties change non-linearly: melting point, ionization
potential, geometric and electronic aspects can change with the addition or removal of a single atom. For some reactions, specific cluster
sizes were found to be particularly active or selective catalysts: Pds clusters on TiO; oxidize CO more readily than Pds or Pd,,” while Ptis
clusters produced CO, at twice the rate of Pt14.2 In another study, Pty was found to exhibit negligible activity for the ethylene hydrogenation
to ethane, while Pt;o shows significant turnover under the exact same conditions ? — a single atom again makes a huge difference.

An aspect that is particularly difficult to grasp experimentally, yet significant for catalyst stability and activity, is their inherent dynamics
during a reaction: Structure, chemical composition, charge and oxidation state change continuously.® On the one hand, clusters and
nanoparticles deactivate by sintering, which needs to be mitigated with stabilization and redispersion strategies.'*-14 On the other hand, the
dynamic structural fluxionality of clusters has been invoked as the origin of the excellent catalytic activity of specific cluster sizes 1516 and
might be tuned by the appropriate choice of the support. Dynamical modulation of support properties could then switch between competing
catalytic pathways, a strategy proposed to overcome volcano-type limitations.'” Capturing dynamic transformations in real time and linking
them to performance is thus essential for rational catalyst design.

In the fundamental studies on cluster surface chemistry presented here, we employ size-selected metal clusters as model catalysts.
Inherently, their use allows identifying the most active cluster size with atomic precision.'82° Using atomically resolved microscopy like
scanning tunneling microscopy (STM), classes of structural isomers of clusters can be distinguished.121-23 Moreover, the onset of sintering
can be identified much more precisely than for samples with broad size distributions, since small changes become visible early on, thus
providing detailed insights into sintering mechanisms and by choosing a particular cluster size, one can even suppress certain sintering
mechanisms.24-26 But particularly when using non-local, integral spectroscopy techniques, the a priori knowledge of cluster size is crucial to
identify size-dependent phenomena.?%22%7 Size-selected clusters have been shown to exhibit a binding energy (BE) shifted from the bulk
position in XPS due to final-state effects and do not yet exhibit metallic character, resulting in more symmetric peak shapes.*®

Apart from the metal particles, the support plays a decisive role in catalysis. Non-reducible oxides are rather inert and rigid in their
stoichiometry, but their Lewis acidity or basicity (i.e. capability to accept or donate electrons, respectively) and thus their work function can
tune activity: In the case of ethylene hydrogenation on Pt mentioned above, activity trends were found to be reversed on an acidic SiO; vs.
a basic MgO support, respectively thin film SiO; surfaces differently doped by support work function tuning.®28-30 Reducible supports can
change their stoichiometry and participate more directly in reactions. Ceria, CeO, —a common oxidation catalyst support — acts as an oxygen
reservoir via formation of oxygen vacancies that are charge-balanced by reduction of nearby cerium ions.31-33 Metal particles on ceria have
been shown to nucleate at O vacancies,?*3> and even the redispersion and formation of Pt clusters is feasible on ceria upon redox
cycling.143637 |n contrast, magnetite, Fe30a, is a support with high cation mobility, where Fe interstitials diffuse from and to the surface, and
their subsurface mobility can be observed, as exemplified by Fe-rich defects.38*! In the subsurface cation vacancy-reconstructed Fe304(001)
surface, the surface stoichiometry is stabilized even under reducing and oxidizing conditions in UHV.1142 Titania, TiO,, combines O vacancies
and interstitials. Here, strong metal-support interaction (SMSI) effects 4344 have been observed, including charge transfer from support to
particles,*>¢ deactivation for molecular adsorption via encapsulation by a thin, sub-stoichiometric oxide layer,*’->2 and the deep burial of
particles in oxidizing conditions.5°

A central challenge, and key focus of this paper, is how to control individual parameters of such complex systems:1%:59:53 To follow catalyst
evolution, we need precise starting points for our samples. While temperature and pressure can routinely be set precisely in experiments, it
is non-trivial to change cluster charge state, cluster dimensionality, support acidity and cluster-support interface individually. We further
need sophisticated experiments to follow the evolution of clusters during sintering and redispersion as well as dimensionality change. In this
context, synchrotron-based, high-resolution XPS is uniquely suited to access such fundamental properties in a systematic way, irrespective
of support roughness. Mass filters in laser ablation or sputtering cluster sources select clusters of a specific size with atomic precision 54-56 to
produce ‘naked’, ligand-free metal clusters for size-dependent characterization and reactivity studies, which we place onto flat, often single
crystalline oxide supports where we control defect densities and stoichiometry precisely.%57 Beyond the experimental precision, a further
advantage of such highly defined models is that they can be rationalized in detailed theoretical modeling. Bringing such oxide-supported
size-selected clusters to synchrotrons without the need for a dedicated cluster source on site%® vastly broadens the scope of accessible
methodologies for robust and reproducible in situ and operando investigations.?25%-%6 |n particular when exchanging samples between
different experimental stations, contaminants, defects in cluster supports, and gas environments must be known and controlled.

In the present paper, we report on three (NAP-)XPS investigations of Pt, clusters (with n the number of atoms) at synchrotrons, where clusters
were transported intact in air and in a vacuum suitcase, supplemented by our prior work with lab-based XPS and scanning tunneling
microscopy (STM). We discuss the evolution of Pt clusters on a range of different supports and in different environments. Our report is
structured by different aspects of complexity: First, we control cluster charge by placing our model system Pt,/SiO>/Si(100) on differently
doped Si wafers and show that the charge state of the support changes the clusters’ response to oxidizing and ammonia oxidation reaction
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conditions up to 0.7 mbar pressures, which we hypothesize as being due to a difference in cluster wetting of the support. Second, we discuss
Ptn/Ce0,(111)/Rh(111) where cluster dimensionality can be tuned via the concentration of O vacancies on CeO,, and clusters redisperse or
sinter, depending on temperature and gas environment. Finally, we show the evolution of Pt,/Fe304(001) — a sw&g%%gﬁjﬁ@&%@%ﬁial
dynamics — under 0.1 mbar H; and O; at room and elevated temperatures and discuss these changes on the background of SMSI-induced

encapsulation and deep burial on TiO;(110).%°

Methods

Size-selected Pt, clusters were prepared in a laser ablation cluster source (Pt target 99.95%, Goodfellow) using a 100 Hz Nd:YAG laser (Innolas
Spitlight DPSS 250).18 The ablation plume was collision-cooled in a He pulse (8 bar, He 6.0) expanded through a nozzle to nucleate clusters,
which were guided by ion optics into a quadrupole mass filter (Extrel 150-QC) for atom-precise mass selection. Soft-landing conditions were
ensured by applying a retarding field, keeping the deposition energy below 1 eV per atom in the cluster. The cluster coverage on the sample
was determined by integrating the neutralization current of deposited positively charged clusters (assumed singly charged). The cluster beam
exhibited a Gaussian spatial distribution with a FWHM of ~5 mm.

Pt./SiO>/Si experiments

Polished Si(100) wafers (CrysTec, Germany) with a thickness of 525 um were used as supports, either phosphorus-doped n-type (0.015-0.025
Q cm) or boron-doped p-type (0.01-0.05 Q cm) Si, which we call n-Si and p-Si for short, respectively. These conductivities equate to dopant
concentrations of ~108 cm3, The wafers were cleaved into ~10 mm x 10 mm pieces along the crystal orientation and cleaned in acetone
and isopropanol. The native oxide was removed by etching in 5% hydrofluoric acid (HF) for 1 min, followed by rinsing in Millipore water. By
exposure to air for 95 h, a thin SiO; layer was regrown, with a controlled thickness of ~1 nm. Pt, clusters were deposited onto the SiO,/Si
samples under high vacuum to a coverage of 2.0 atoms/nm? and the samples subsequently moved through air into a glovebox, with only a
few minutes in air. In the glovebox, they were packed into two nested click-boxes to minimize further oxide layer growth during transport.

XPS measurements were carried out at beamline 11.0.2 of the Advanced Light Source (ALS), Berkeley, USA, equipped with a SPECS Phoibos
150 electron energy analyzer. The samples were mounted on a boron nitride heater and the temperature measured with a type K
thermocouple on the sample. Chamber base pressure was <5 x 10° mbar. The spot size on the sample was ~200 um and XPS spectra were
acquired in normal emission, with 20 eV pass energy, 0.05 eV step size and 100 ms dwell time. To mitigate beam effects, spectra were
acquired on fresh positions on the same sample by moving between every spectrum. The Pt 4f and Si 2p regions were measured with a
photon energy Epnor = 278 eV and the C 1s region with Epnot = 490 eV, thus probing electrons with comparable kinetic energy. The same
regions and survey scans (see Supporting Information, Fig. S1) were regularly measured using Epnot = 735 eV for each sample and new
measurement condition. No significant contaminants other than C from transport were observed. The resolution under the chosen conditions
was 0.1-0.3 eV. To clean the Pt,/Si samples, C contaminants were largely removed in 2.5 mbar O, at 400-420 K for 20 min, while monitoring
the Si 2p and/or C 1s regions. Ammonia oxidation experiments were conducted using low pressure O, (typically 4 x 10> mbar, 5.0, Praxair)
and NH3 (1 x 10> mbar, >99.98%, Sigma-Aldrich), while running temperature ramps up to 423 K, and reference checks in NO (>98.5%, Sigma-
Aldrich) and in 2% O3 in O, using an ozone generator. We further note that we have observed C deposition by the synchrotron beam.

Peak fitting was performed in KoIXPD (v1.8.0) 67 using Shirley or linear backgrounds. Spectra were normalized to the low BE background, and
all binding energies were referenced to the Si° component at 99.3 eV, measured with Eypet = 278 eV (since adventitious carbon was not a
stable reference upon redox cycling at elevated temperatures). To this purpose, Si 2p core level peaks were fitted according to Himpsel et
al.,®8 with an additional B-phase. Pt 4f spectra were fitted with Doniach-Suniji¢ line shapes convoluted with a Gaussian. The spin—orbit splitting
was fixed to 3.32 eV and the Lorentzian width to 0.25 eV, while the Gaussian width (and, where applicable, the asymmetry) was allowed to
vary to account for cluster restructuring effects; the Pt 4f;/,:Pt 4fs/; intensity ratio of 1.4 — 1.5 deviated slightly from the nominal value of 4/3
due to background artifacts.

For checks of Pt, cluster size via scanning transmission electron microscopy (STEM), clusters were deposited onto TEM grids with 8 nm thin
suspended SisNs membranes (TedPella, layout see Supporting Information, Fig.S2), using a hot filament in the vicinity for charge
compensation on the sample. These samples were transported in air. STEM was performed on a probe-corrected FEI Titan Themis in high-
angle annular dark-field mode (STEM-HAADF) at 300 kV.

Pt,/CeO; experiments

For the methods used in the Pt,/Ce0,(111)/Rh(111) experiments, we refer the interested reader to the original publication.>” The binding
energy scale of the lab-based XPS was calibrated by setting the Rh 3ds/. peak to 307.2 eV.

Pt./Fes0, experiments

Natural Fe304(001) crystals (SurfaceNet GmbH) were mounted on flag-style sample holders and prepared by Ar* ion sputtering (20 min,
4 x 10 mbar Ar, 1 keV) and annealing in an oxygen atmosphere (20 min, 5 x 10”7 mbar O,, 983 K). Pty clusters were soft-landed onto the
samples in UHV at room temperature (RT) up to a coverage of 0.5 atoms/nmZ. Since magnetite is more susceptible to changes during
interaction with air than silica, the samples were transported to MAX IV Laboratory in Lund, Sweden, in a home-built UHV vacuum suitcase
with a constant pressure of ~1 x 10'1° mbar.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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NAP-XPS measurements were performed at the HIPPIE beamline at MAX IV, equipped with a Scienta Omicron HiPP-3 electron energy
analyzer, using a photon energy of Epnot = 921 eV. The samples were heated with an infrared laser directly illuminating thv?e&)igtlféleagmcllmtehe
temperature was measured with a type K thermocouple mounted to the side of the crystal. We indicate the tewqg%gejs@gl:%&gd,
which could be somewhat underestimated. XPS spectra were acquired in normal emission and with constant pass energy. Initial checks
showed no significant beam damage; thus we recorded all spectra at the same spot on the sample (i.e. with the same cluster coverage) to
allow quantitative comparison of the spectra. To desorb any adsorbates accumulated during the several-day-long transport in the UHV
suitcase, we initially heated each sample to 373 K, resulting in a shift of 0.6 eV to lower binding energies (likely due to CO desorption) and a

sharpening of the Pt 4f signal. O and H; were introduced into the reactor cell using mass flow controllers.

Peak fitting was performed in KoIXPD using a Shirley background. Spectra were normalized to their low BE background. The binding energies
were calibrated to the Fe3* 3p signal (see Supporting Information, Fig. S3) from deconvolution, resulting in an uncertainty of £0.1 eV, judging
by the Fermi edges (see Supporting Information, Fig. S4) of samples in the reduced state.

Results and Discussion

We present the evolution of size-selected Pt, clusters on three distinct supports, SiO2, CeO,(111) and Fe304(001), in three sections below. In
each, we focus on a different aspect of experimental complexity: On silica, we discuss how the charge state of the support tunes cluster
dimensionality and reactivity. On ceria, we explore cluster dimensionality control by the reduction state of the support and consider
stabilization and self-repair strategies. Finally, on magnetite, we study how the rich support dynamics of in-depth UHV studies 11.23.26:38,40,69,70
translate into higher pressure regimes and compare them to titania, the prototypical system for SMSI-induced effects.43:4448-50,52

Evolution of size-selected Pt, clusters on a non-reducible support: Lewis acidity and cluster charge state

Fig. 1 lays out the experimental sequence that underpins all subsequent experimental interpretation: The clusters must be deposited size-
selected, remain intact during transport, and be brought back to a clean, well-defined state inside the NAP-XPS chamber before reactivity
trends are investigated. The mass spectrum of Pt, clusters generated by the size-selective cluster source in Fig. 1a shows an intense peak for
Pt atoms and a peak for each Pt, cluster from n = 2 to n =31 atoms. The peaks are separated such that true size selection is achieved by
setting the quadrupole mass filter to the peak corresponding to the desired cluster size. To test the feasibility of atom-precise deposition of
Pt, clusters onto silica supports and subsequent transport, we employed HAADF-STEM imaging on clusters deposited onto TEM grid-
supported, 8 nm thin SisN, films. These films are sufficiently thin for high resolution imaging of small sub-nm clusters. Our XPS measurements
showed that the nitride films are oxidized upon air exposure at RT, which a past study interpreted as the formation of a nanometer-thick,
oxygen-rich surface oxynitride.” Their oxidic surface makes the interface between Pt, clusters and TEM grids chemically sufficiently similar
to that on the SiO,/n-Si samples used to be a suitable test case for cluster stability checks. We transferred the TEM grid-supported Pt, clusters
through air into a STEM, transported them to the ALS for NAP-XPS experiments with O, and H; partial pressures of up to a few millibar and
subsequently back to Munich for HAADF-STEM imaging. Fig. 1b and c show representative images of the same Pt,0/SisN4 sample before and
after the beamtime, respectively. In both cases, a sparse distribution of equally sized small white specks is visible — the Pty clusters. We
found no evidence that the clusters changed their size during any of the treatments. Due to the high local electron dose required to image
these tiny particles on an 8 nm nitride film, the clusters seemed to disintegrate in higher-resolution HAADF-STEM images (not shown); thanks
to the sparse distribution, this actually allowed us to count the number of atoms and confirm the size selection. Note that the cluster coverage
in the experiments presented in the following is around 4 times higher than that shown in the STEM images, but still low enough to ensure
cluster separation and statistically insignificant amounts of cluster multimers. The low coverage on the TEM grids is a result of the poor
conductivity of the ultrathin nitride films, leading to repulsion of the positively charged clusters upon deposition. Indeed, raster-scanning the
TEM grids laterally while recording the Pt 4f signal confirms a lower signal intensity in the location of the nine holes covered only by the
suspended membrane compared to the regions supported by silicon (see Supporting Information, Fig. S2).

For the next beamtime on Pt,/SiO,/Si, we thus deposited a coverage of 2.0 atoms/nm? of Pt, clusters onto an approximately 1 nm thick
native oxide film on strongly doped, highly conductive Si(100) wafers. The overwhelmingly large O signal from the SiO, support precludes
useful analysis of the O 1s region to understand O coordination to the clusters and we thus only discuss Pt 4f peaks in the following. Several
representative Pt 4f spectra of clusters between 8 and 40 atoms deposited on n-type Si samples are shown in Fig. 1d, illustrating two essential
characteristics of sub-nm clusters. Note that these spectra are referenced to the Si° component; due to band bending effects in silicon (which
depth profiling indicates to be <0.1 eV), the bulk Si 2p peak is not a conceptually perfect reference, but we find it sufficiently reliable and
consistent across data from four beamtimes and many different samples. First, it is clearly visible that the Pt 4f peak of such small, sub-nm
species is much more symmetric than that of bulk-like metallic Pt. For all cluster sizes investigated here, the spectra of the initial samples
could be fitted satisfactorily by a single Doniach-Sunji¢ doublet of small asymmetry (~0.05) convoluted with a Gaussian. Second, the Pt 4f
BE shifts by a total of 0.6 eV to higher binding energies with increasing cluster size (discussed in more detail below), which is an electrostatic
final state effect, in good agreement with prior reports.4%

Before investigating the effects of gas atmospheres on these clusters, we need to ensure their surface is actually accessible to reactants.
Unsurprisingly, the samples show a significant adventitious carbon peak after transport in air and introduction into the vacuum chamber at

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Figure 1. Size-selected Pt, cluster generation, deposition and transport on silicon nitride and silicon oxide supports. (a) Scanning the mass-to-charge ratio
via the quadrupole mass filter gives a mass spectrum with an intense peak for Pt atoms and separate peaks for Pt, (n =2, 3, 4, ... 31) clusters. (b,c) Pty
clusters deposited onto the 8 nm thin SisN, membrane of a TEM grid imaged via HAADF-STEM (b) before and (c) after transport from Munich to Berkeley
in air, XPS measurements in oxidizing and reducing atmospheres, and transport back to Munich. (d) Pt 4f region of Pt,/SiO,/n-Si(100) samples with n = 8,
12,13, 14, 20 and 40 atom clusters. The black vertical line is a guide to the eye, illustrating the binding energy size dependence. (e) C 1s region of a SiO,/n-
Si sample taken at 490 eV during sample cleaning in 0.7 mbar O, at 393 K, at the beginning of the treatment (black) and after 20 min (red). (f)
Representative Si 2p spectrum and fit.

the beamline. Therefore, we have developed a cleaning procedure where the carbon signal was largely removed in an oxidative treatment
in 0.7 mbar O, at ~400 K. Fig. 1e shows the C 1s region of an example SiO,/n-Si sample at the beginning (black) and after 20 min of the
cleaning treatment (red), where the largest part of the C signal is removed. In subsequent tests, we find that any residual oxygen is removed
from the Pt clusters after the oxidative treatment by evacuation to 10 mbar pressures, and additional reduction by heating in CO does not
further shift the Pt 4f. The clusters after the cleaning process and pumping out of O are thus in the same chemical state as after deposition.
Inelastic mean free path (IMFP) analysis of Si 2p spectra, using an IMFP of 0.963 nm for Si and 1.198 nm for Si0,,%%72 indicates an irreversible
thickness increase by ~0.4 nm of the silica layer during the oxidative treatment (see Supporting Information, Fig. S5), yet systematic checks
of the Pt 4f region showed no significant change of the clusters. This simple protocol thus constitutes a reproducible way to return the surface
to a clean state without significant changes to the chemical state of the sample nor cluster sintering (since the binding energy distribution of
the Pt cluster samples remains).

Finally, Fig. 1f illustrates peak fitting of the Si 2p region. A sharp Si® doublet is shown in blue, which results from the bulk Si wafer underneath
the thin oxide film and clusters. Furthermore, four peaks for the four oxidation states of SiO4 and an additional B-phase are fitted using a
standard routine from the literature.®87374 The fact that three peaks for intermediate oxidation states must be included in the fit shows that
the native oxide is not a perfect SiO; layer, but contains sub-oxide species — likely at the interface between Si wafer and oxide film. In this
work, we use the fit solely for energy referencing to the Si° peak, which is robust against minor changes in the oxide components.

Taken together, the experiments shown in Fig. 1 establish that the size-selected clusters can be transported through air while maintaining
their number of atoms, that the contamination from transport can be removed by an oxidative cleaning step and that we have a robust
binding energy referencing routine.

We now have the practical foundation to investigate the evolution of the Pt clusters on two differently doped wafers and in different gas
atmospheres in Fig. 2. As mentioned in the introduction, previous work by some of the authors showed that acidic and basic supports can
alter the activity of Pt, clusters of identical size by withdrawing respectively donating electrons from/to the cluster.®3° In order to clearly
disentangle the effect of support chemistry and cluster charge state, we have employed a somewhat different strategy in this work: We have
deposited the same clusters onto the native oxide of phosphorus-doped n-type (‘n-Si’) and boron-doped p-type Si wafers (‘p-Si’), of similarly
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high conductivity, to tune the Lewis acidity via bulk properties. The Si 2p peak shapes and the oxide layer thicknesses are similar for samples
of both types (see Supporting Information, Fig. S5).

View Article Online

Fig. 2a shows the binding energy of the Pt 4f;;, peak for Pt, clusters from 8 to 40 atoms in size on SiO,/n-Si (red)} antSid4p:8idbleck),
obtained by fitting a single component. Strikingly, the binding energy depends significantly more strongly on cluster size for n-type than for
p-type samples. Fitting the two data sets with an empirical function proportional to n'*/c (with n the number of atoms and c an empirical
constant) on SiO,/n-Si (red line) and SiO,/p-Si (black line) returns 1/cnsi = 1/2.9 = 0.34 and 1/cpsi = 1/6.1 = 0.16, respectively. The result for
p-Si agrees well with a previous report for Au clusters on an SiO,/p-Si support described by Peters et al.,® where a value of 0.12 was measured
experimentally. The authors compare this result to an expected value of 0.33 for spherical free clusters, based on a final state charge model
that assumes metallic behavior and takes into account quantum corrections, and an exponent of 0.5 for a simple electrostatic drop model.”>76
They further assign the weaker size dependence of the BE to faster support-induced core-hole screening, thus a more intimate charge transfer
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Figure 2. Evolution of Pt, clusters on SiO, on differently doped Si(100) in oxidizing and reaction environments. (a,b) Cluster size-dependence of (a) the
binding energy and (b) the FWHM of the Pt 4f;,, peak for Pt,/SiO2/n-Si (red) and Pt,/SiO,/p-Si (black) as deposited, with red and black dashed lines showing
respective fits of the Wertheim model. The orange arrows correspond to the shifts shown in (e). (c,d) Sintering study of Pt on (c) SiO,/n-Si and (d) SiO,/p-
Si up to 773 K. (e,f) Pts, Ptyo and Pty on (e) SiO»/n-Si and (f) SiO,/p-Si in UHV (black) and during exposure to 4 x 10 mbar O, (red/blue). (g) Ptso/SiO,/n-Si
in (i) UHV at RT, (ii) a mixture of 4 x 10" mbar O, and 1 x 10" mbar NH; at RT, and (iii) a mixture of O, and O; with a total pressure of 0.7 mbar at 423 K.
Peak fitting with four components is shown as colored peaks.
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between clusters and the support. In contrast, the binding energies of the Pt,/SiO,/n-Si samples align with the picture of free (hemi)spherical
3-dimensional (3D) clusters, pointing to a weak interaction. Our findings indicate that the charge transfer between cluster and support

. View Article Online
dEpends on the type of dOpmg- DOI: 10.1039/D6FD0O0002A

Perhaps surprisingly, the BEs relative to Si° converge in the small-scale limit but there is an offset when extrapolating to the bulk, where size-
dependent final state effects disappear. To assign the origin of this offset, we consider three further observations: (i) The full width at half
maximum (FWHM) of Pt clusters on SiO,/p-Si is narrow compared to clusters on SiO,/n-Si (see Fig. 2b), which indicates that all atoms on p-
type samples have a similar environment. (ii) All Pt clusters are oxidized: the total BE shift relative to bulk Pt® 4f 7/2 (71.2 eV) exceeds typical
maximum size-induced shifts of up to 0.8 eV. And (iii) the binding energy offset vanishes when n-type samples are exposed to low pressure
0> (see orange arrows in Fig. 2a and data for the three representative cluster sizes Pts, Ptzo, Ptso in Fig. 2e-f), which indicates a reversible
reduction/oxidation process occurring on n-type samples. While the exact oxidation state of sub-nm clusters is difficult to pinpoint,& we find
that the magnitude of the offset increases with cluster size (=0.12 eV for Ptg, =0.23 eV for Ptyo, and =0.44 eV for Ptsg). In all cases, the shift is
small enough to suggest only O adsorption or at most partial oxidation. We tentatively rationalize these observations with the picture of 2-
dimensional (2D) clusters, or wetted islands, on p-type, and 3D clusters on n-type samples. Simply speaking, the addition of more Pt to a 2D
island (i.e. going to larger cluster sizes) extends the lateral size of the islands, while keeping the interaction with the support the same for all
atoms. The n-type supported clusters, in contrast, are more similar to free clusters, have a stronger footprint dependence, and contain atoms
in different environments (hence the larger FWHM and the need to fit with two doublets); this difference is lifted when oxygen binds to the
surface atoms of the (hemi)spherical clusters.

Since charge transfer from the clusters to the support must be responsible for the offset, it will be smaller for smaller cluster sizes for which
ionization potentials increase.”” This explains why the data converges for smaller clusters. The doping increasingly matters for larger clusters,
where charging costs less energy. In our specific case, the electron-accepting support (SiO,/p-Si) can then take up charges from Pt, while the
electron-rich support (SiO,/n-Si) cannot. However, if O is adsorbed on the particles, it facilitates the electron uptake and Pt 4f of the clusters
shifts to the same positions as for the clusters on SiO,/p-Si (indicated by arrows in Figs. 2a and 2e). The specific charging on the p-type support
could explain their 2D morphology, similar to image charge-induced flattening of Au clusters on thin films of MgO on Ag(001).78 As we will
discuss in the next section, we have recently reported a different type of 3D vs. 2D cluster dimensionality change for Pt,/Ce0,(111) caused
by mobile surface defects — another route to accommodate interfacial Pt.

Conversely, the Pt 4f line shape can be used to monitor changes in the cluster distribution during sintering. Figs. 2c and 2d show the Pt 4f
spectra for Ptg clusters on the two supports heated to 773 K in UHV, respectively. In case of the n-type support, a clear signature of sintering
is visible around 700 K. The overall peak intensity decreases, indicating a lower surface-to-bulk ratio, and the peak shape broadens, evidence
of a wider distribution of Pt species. In contrast, the Pt 4f peak of the same Pts clusters on SiO,/p-Si does not change up to 773 K, indicating
that the strongly wetting Pt, clusters on SiO,/p-Si are exceptionally sinter-resistant.

In practical terms, this means that the same cluster size does not necessarily lead to the same cluster dimensionality and chemistry, which
instead depend on the doping of the support, even when the cluster-support interface is chemically similar. Therefore, we next look into
how differences in cluster charge state and dimensionality affect their reactivity. We chose the ammonia oxidation reaction as a
technologically relevant and mechanistically rich model reaction, which is known to result in significant structural changes of the catalyst and
occurs already under mild conditions on stepped Pt surfaces.’®8° While we have recorded the N 1s spectrum for all conditions, reference
measurements on a bare SiO,/Si support showed that small amounts of N-containing species also adsorb on silica, thus making it impossible
to attribute species to the clusters; we thus again restrict ourselves to studying the Pt 4f region. Fig. 2g (bottom spectrum) shows the example
of Pt clusters on SiO2/n-Si. After initial oxidative annealing, pumping back to UHV and cooling to RT, the Pt 4f region could be fitted with
two components (blue and red peaks). Note that the clusters in the as-introduced samples mentioned above are adsorbate-covered, which
might explain why all peaks could be fitted with a single doublet (most likely corresponding to the red peak). Upon exposure to a reaction
mixture of 4 x 10° mbar Oz and 1 x 10> mbar NHs at RT, four distinct components can be distinguished, marked by four differently colored
doublets in Fig. 2g. These spectra could not be mimicked by exposure to NO — a typical reaction intermediate — nor could it be reproduced
by O, or NH; separately (see Supporting Information, Figs. S6-7), suggesting that the new peak components are not due to simple adsorption
of educts or common intermediates on Pt. In contrast to the experiments described above, significant beam effects were observed in the
reaction mixture. Specifically, the Pt 4f components at higher binding energies were depleted in the beam. We could circumvent this effect
by introducing a waiting time with the beam shutter closed for 6 min to replenish the oxidized species before recording each spectrum as
quickly as possible.

Since the binding energies for clusters of different oxidation states are not tabulated and in general difficult to assign,>® we have exposed the
same sample to a strongly oxidizing environment by dosing 2% ozone in 0.7 mbar O, at 423 K. In these harsh conditions, the main peak
shifted by approximately 1.5 eV to higher binding energies, indicating a change due to real Pt, cluster oxidation (top spectrum). Fitting all
three spectra (in UHV, reaction mixture and 03/0) allows us to assign the four components: The blue component around 71.8 eV is the main
component after cleaning and its intensity decreases in the reaction environment; we thus assign it as the surface core level shift of clean Pt
atoms. In the same line, we interpret the red component around 72.5 eV as Pt atoms in contact with the SiO, support or bound to
chemisorbed O species. Looking back at the Ptso sample exposed to low pressure O, in Fig. 2e, this fits with our previous interpretation of O
adsorbates on the clusters. Clean 3D Pty clusters thus contain two components, from the interface atoms and the ones at the surface. The
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two higher binding energy components (green and yellow) at about 74.1 eV and about 75.0 eV suggest a 2.3 eV resp. 3.2 eV shift with respect
to the clean cluster state and must therefore be assigned to two higher oxidation states (most plausibly Pt?* and Pt*), consi_‘c,etvsr/;}n\cz\l/eithmmfir
appearance during ozone treatment. We can thus conclude that ammonia oxidation reactions are oxidizing the clﬂ&g[é %‘35%%58’6%@0@7&3”
a pure Oz environment, even in the strongly reducing conditions of the beam, making careful experimentation critical. One might speculate
that the highly exothermic reaction can introduce sufficient energy into the clusters to induce a dynamic restructuring (fluxionality), making
them more susceptible to oxidation. By contrast, the Pt 4f spectra of Pt,o/SiO»/p-Si only exhibit a slight shoulder from oxidized species under
the same conditions (see Supporting Information, Fig. S8), indicating reduced activity for these samples also under ammonia oxidation

conditions.

Overall, this study demonstrates that size-selected cluster samples can be transported to synchrotrons intact and represent powerful samples
for studying cluster restructuring, incipient sintering and cluster oxidation: the onset of particle growth or of support-induced electronic
changes becomes visible as subtle, but distinct modifications in peak position, width and line shape. Once contamination from transport is
removed, the Pt 4f region can be used as a quantitative signature across a sequence of increasingly realistic environments, setting the basis
for later operando interpretation in true catalytic mixtures: the meaningful experimental observable is not a single binding-energy number,
but the evolution of a distribution of Pt states that reflects the competition between cluster oxidation, charge transfer through the support,
and thermally activated restructuring. The doping of Si wafers appears to change the Lewis acidity of the native silicon oxide film to create
differently charged clusters of the same size and provides a platform for future fundamental in situ investigations on the influence of cluster
charge on catalytic activity and for experimental investigations within catalytic resonance theory.”

Evolution of size-selected Pt, clusters on an O-vacancy-dominated reducible support: dimensionality, redispersion and sintering

We have recently reported a similar tuning of cluster dimensionality in a more complex system, namely Pt, clusters on a reducible CeO,(111)
support that can actively participate in a reaction.>” In this system, O vacancies dominate the surface chemistry and cluster charge state —
local effects thus come into play. In a quantitative STM and XPS investigation, we followed the dynamic cluster restructuring during sintering
in UHV. The key findings are briefly described in this section and discussed in the context of Pt, cluster evolution on a support that has
attracted attention for its capability to reversibly redisperse and form catalytically active clusters under redox cycling, thus bearing great
promise as a self-repairing system.

By evaporating cerium in an O, atmosphere, single crystalline thin ceria films of controlled O vacancy number and thus stoichiometry were
grown on Rh(111). Targeted redox cycling by annealing alternately in O, and UHV resulted in defect-poor films with extended terraces, while
gentle annealing in methanol reduced exclusively the top trilayer, without changing deeper ceria layers.8! The surface reduction state was
quantified via grazing emission XPS measurements. Pty clusters were then soft-landed on two ceria thin films of distinct surface reduction
state, one with CeO; stoichiometry and one with a higher O vacancy density, translating to a CeO1.94 surface stoichiometry. Fig. 3 summarizes
the temperature evolution of the clusters, with a coverage of 0.5 atoms/nm?2. In the left column (Fig. 3a-f), representative STM images of Pty
on the reduced (left) and oxidized (right) support at select temperature steps are shown: as deposited at RT, after annealing to 600 K and
after annealing to 900 K. Height profile analysis of 10 large-scale STM images at each temperature gives histograms of the cluster size
distribution under each condition (see. Fig. 3 j-1). Notably, the histograms at RT perfectly match for the same clusters deposited onto ceria
with different surface O vacancy density. This observation serves both as confirmation of the robustness of the method and provides the
important fundamental insight that Pt, clusters essentially adsorb as they land. Since the O vacancies are not yet mobile and statistically
distributed, the clusters see essentially the same single vacancy environment on oxidized and reduced surfaces.

The corresponding XPS spectra of the Pt 4f region are presented in Fig. 3g-i. The Pt 4f BE of the Pt° species shifts from around 71.7 eV to
71.2 eV upon annealing to 600 K and slightly further to 71.1 eV after annealing to 900 K on both the reduced and oxidized surface, comparable
to findings reported by Lykhach et al., ranging from clusters to larger nanoparticles on ceria films.82-8> The Pt 4f region can be fitted with a
simple model containing two components, representing metallic Pt® and cationic Pt?* species (see Fig. 3m, obtained from fits with two
components separated by 1.9 eV). While the exact area ratio strongly depends on fit constraints, the outlier at 600 K on the oxidized support
is robust: At this intermediate temperature, steps on the oxidized surface take up Pt atoms but release them again once excess oxygen leaves
the surface at higher temperatures.82-85

This support-independent cluster appearance quickly changes upon UHV annealing. We found the clusters to not only sinter via Ostwald
ripening from about 600 K onwards, but comparing the STM images and height histograms on supports with different O vacancy numbers
further indicates that their dimensionality changes drastically: While the height distributions spread out on both supports, only on the
reduced Ce01.94(111) the majority of particles appears to wet the support and assume a 2D island-like geometry (reflected as a peak between
0.1 and 0.2 nm in height in the histogram). Interfacial Pt atoms should thus be more abundant on reduced ceria. The XPS spectra, however,
do not reflect this tendency. On both supports, the Pt 4f;/; BE is 71.1 eV after annealing, which is expected for largely metallic Pt; also the
line shapes are comparable and show similar asymmetry. The clusters thus retain their charges and the dimensionality change has to have
another explanation. In the STM images we observe a high mobility and ordering of the O vacancies at the annealing temperatures — note
the periodically arranged O vacancies appearing in Fig. 3n as dark depressions. This suggests that O vacancies accumulate at the interface to
the flat clusters (Figure 3l); their very low apparent height might even point to a partial cluster embedding. In this way, interfacial Pt gets
stabilized and wets the surface as long as there are enough O vacancies available, i.e. on the reduced surface. This behavior is in stark contrast
to the case of Pt,/SiO,/Si, where the BE deviates significantly on the two supports for the same cluster size. The fundamental difference here
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Figure 3. Evolution of Pty clusters on CeO,(111) during sintering in UHV. (a-f) 100x100 nm? STM images of Pty clusters on (left) slightly reduced and
(right) fully oxidized ceria at RT (“as deposited”) and after annealing to 600 K and 900 K, respectively. (g-i) Corresponding XPS spectra of the Pt 4f region
with a tentative fit of Pt° and Pt?* species. Note that the binding energy scale was adjusted by 0.25 eV compared to the original publication. Start and end
peak positions are marked with dashed and solid grey lines, respectively. (j-I) Histograms of the apparent cluster height from STM images for the same
clusters on oxidized (red) and reduced (blue) ceria. (m) Relative Pt 4f peak integrals of the Pt® and Pt>* components from the XPS spectra in (g-i). (n) STM
image of a slightly reduced ceria shows several O vacancies as dark spots. Reproduced under CC-BY license from >’.

likely lies in ceria being reducible and thus competing with Pt for electrons, while SiO; is inert in this regard. On ceria, local changes in the
electronic structure below the clusters can thus possibly compensate for the shifts observed on SiO,.

This wetting behavior cannot be explained by a dispersion of the clusters into Pt atoms and their reformation into a new geometry, because
nucleation-based growth cannot explain the identical cluster coverage at each sintering step on the oxidized and reduced ceria supports. A
wetting of the originally deposited clusters must therefore occur via a change in cluster dimensionality during sintering. However, at the
600 K intermediate step, we do see evidence for temporary stabilization of atomic Pt species — capturing a transient state in the Ostwald
ripening process and a temporary partial redispersion of Pt, clusters. This is reflected in the increase of the Pt?* signal in Fig. 3m.

Overall, the Pt,/Ce0, system presents another highly defined platform to explore the evolution of Pt, clusters. Having laid the groundwork
in this detailed UHV investigation, we anticipate this model catalyst to provide a versatile playground for investigating the catalytic activity,
sinter resistance and structural dynamics of 3D vs. 2D particles. Especially in combination with the Pt,/SiO, system discussed in the previous
section, the same cluster size can now be compared on an inert, non-reducible and on an O vacancy dynamics-dominated reducible support
in future in situ studies. A key question concerns whether cluster dimensionality can be switched dynamically and reversibly to tune the
cluster catalytic activity and how the reversible, redox condition-triggered redispersion and cluster formation can be sustainably controlled
to implement a true self-repair capability into applications of this supported catalyst.
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Please do not adjust margins



http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6fd00002a

Open Access Article. Published on 11 March 2026. Downloaded on 4/1/2026 2:28:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

FaradayDiscussions Page 10 of 17

Evolution of size-selected Pt, clusters on an interstitial-dominated reducible support: dynamics, encapsulation and burial

In this final section, we now turn to another type of reducible oxide support, namely one dominated by cation interstitials and,thejrgxehange
with the bulk, rather than surface O vacancies. The magnetite, Fe304(001), surface has been described in detail in UbtY; iroterfasofritointoinsic
structural dynamics and its capability to stabilize single-atom catalysts.'? In our own previous work, we have disentangled the rich dynamics
of Fe-rich defects via FastSTM at elevated temperatures*?%° and described the atomic-scale structural evolution of Pt, clusters upon heating
in UHV: Lattice oxygen reverse spillover onto Pt, clusters provides a highly active O species, resulting in etching of the surrounding support
as Fe cations diffuse into the bulk to maintain the surface stoichiometry.2> However, this initial high activity in oxidation catalysis is quickly
lost upon SMSI-induced encapsulation of the clusters. Remarkably, we have shown that encapsulated Pts and Pty clusters can still diffuse on
the surface and coalesce to larger clusters, but atoms do not detach from these encapsulated clusters, suppressing Ostwald ripening up to a
surprisingly high temperature of 823 K—a sintering onset that is ~200 K higher than for the same clusters on ceria.2® With this comprehensive
picture of the fundamental dynamics of Pt,/Fes04(001) in UHV in mind, the question arises as to whether this highly dynamic system can
survive near-ambient pressure conditions and elevated temperatures. To address this question, we have placed Pt, clusters on Fe304(001)
into more harsh environments in a NAP-XPS study at MAX IV, Lund.

Fig. 4 presents the evolution of Ptio/Fe3s04(001) in 0.1 mbar H, and O,, respectively, starting from RT and progressing to harsher redox
conditions at elevated temperatures. It shows that near-ambient pressure and elevated temperature rapidly drive the system into states
that are fundamentally different from those characterized in UHV. In contrast to Pt,/SiO,/Si, where the native silica layer and the underlying
semiconductor remain structurally inert during transport, the Fe304(001) support is intrinsically much more dynamic. To minimize
uncontrolled restructuring and contamination by ambient oxygen and water, these samples were transported to the beamline at MAX IV in
a vacuum suitcase (shown in Fig. 4a) after their preparation in Munich.

We first consider mild redox conditions at RT on a Pt10/Fe304(001) sample after transport, keeping it in vacuum at RT throughout. Fig. 4c-d
displays the Pt 4f spectra and the corresponding Fe 2p spectra, respectively. Overall, the sample remains close to the well-characterized UHV
state and shows only small changes. The Pt 4f peak intensity remains largely similar when switching from reducing to oxidizing conditions
but shifts to slightly higher binding energies. Similar to the Pt, clusters on SiO,, the shift is small enough that it likely arises from O adsorbates
rather than true Pt oxidation. In the Fe 2p region, a low binding energy shoulder is visible in H, and disappears in O, which can be assigned
to Fe?* species.3®70 At the same time, the line shape between the peaks of the doublet changes slightly as well, in line with an Fe?* satellite
intensity change.3870 We can thus conclude that the Pt,/Fes04(001) system is generally stable in 0.1 mbar gas environments at RT and only
small redox changes occur in the support.

The bare Fe304(001) sample behaves similarly, even at elevated temperatures. Fig. 4b shows the Fe 2p spectra of magnetite after initial
treatment in 10 mbar H; at RT, and subsequent heating at 623 K in 0.1 mbar H, (where signal intensities are superior to 10 mbar H,) and
0.1 mbar 0,. Similar to the observation on the RT-treated cluster sample, reducing conditions lead to an Fe?* shoulder and satellite feature
and disappear in oxidizing conditions. These observations indicate that, in the absence of Pt, the Fe304 surface stoichiometry is comparatively
stable under the temperatures, pressures and timescales used here.

The behavior changes drastically when we heat Ptio/Fe3s04(001) in H; or O, gas atmospheres. Fig. 4e-f again shows the Pt 4f spectra and
corresponding Fe 2p spectra. This Ptio/Fe3s04(001) sample was initially heated to 623 K in UHV, then exposed to 10 mbar H; at RT, before
performing the here-presented experiments at 573 K in 0.1 mbar pressures. According to our sintering study in UHV,2326 Ptyq clusters on this
support become encapsulated from about 523 K already, but start to sinter via Smoluchowski ripening only at or just beyond approximately
623 K. Hence, in a rough approximation (setting aside the influence of different annealing times), we are in a temperature regime of
encapsulated, but still mostly size-selected clusters.

Fig. 4e shows a clear Pt 4f doublet after the initial H, treatment, but as soon as the gas is switched to O,, no detectable Pt signal remains
visible for both probing depths, excluding encapsulation under a thin oxide layer as an explanation. While the complete disappearance of
the Pt signal could in principle be caused by Pt evaporation, the deep burial of Pt clusters in the magnetite support seems most plausible: In
recent work on Pt/TiO,(110) — another support with high interstitial concentration — we could monitor the burial of Pt clusters and
nanoparticles as passive bystanders during oxidative titania layer growth in situ via STM and XPS.>° A similar behavior thus seems likely in the
present case. As on Pt/TiO»(110), returning to reducing conditions does not recover the Pt signal, further supporting the hypothesis of a deep
burial rather than shallow encapsulation of the clusters. Such extensive overgrowth of metal particles on the single crystal surface is
facilitated by its vast bulk, so even small interstitial densities in the bulk can amount to significant growth at the surface. In contrast, powder
titania samples have a larger surface-to-bulk ratio, resulting in less extensive overgrowth. Nevertheless, a switching between two types of
encapsulation films in H, and O, respectively, and their removal in a mixture of 60 mbar H, and 700 mbar O, has been reported on
Pt/Ti0,.#84° By a direct NAP-XPS comparison of Pt on titania powder and single crystalline supports, we could rationalize this contrast by the
decisive role of the overall available number of interstitials.>°

Returning to the experiments on Pt, clusters on magnetite, we further find significant modification of the support during redox annealing
(see Fig. 4f). The Fe?* low binding energy shoulder and satellite features disappear in oxidizing conditions, leading to the pronounced
appearance of the remaining Fe3* satellite. After pumping out O,, the Fe 2p line shape remains largely unchanged, demonstrating that the
oxidized state is (meta)stable in UHV on the experimental timescale. Only after subsequent reintroduction of H, do the Fe?* shoulder and
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Figure 4. Evolution of Pty clusters on Fe304(001) under redox conditions from UHV to near-ambient pressures. (a) The vacuum suitcase in which the
samples were transported (orange box). (b) The Fe 2p region of Fe;04(001) after a treatment in 10 mbar H, (dashed), and during exposure to 0.1 mbar
H; (blue) and 0.1 mbar O, (red) at 623 K. (c) The Pt 4f region and (d) the Fe 2p region of Pt;o/Fe304(001) in 0.1 mbar H; (blue) and 0.1 mbar O, at RT (red).
(e) The Pt 4f region and (f) the Fe 2p region of Ptio/Fe304(001) during and in between redox treatments in 0.1 mbar H, and 0.1 mbar O, at 573 K, from
top to bottom with individual vertical offsets.

satellite appear again; the reduction thus occurs spontaneously even when Pt is buried and thus no longer available at the surface. Moreover,
the Fermi edge is lost upon oxidation but partially recovered upon subsequent exposure to 0.1 mbar H; (see Supporting Information, Fig. S4),
pointing to significant oxidation of the magnetite support. Indeed, the observed line shapes are comparable to those reported for hematite,
Fe,03.70 This stark contrast between the bare and Ptjo-loaded magnetite samples suggests that the presence of Pt facilitates the formation
of a strongly oxidized state of the surface, e.g. via enhanced oxygen activation and spillover, which then leads to Pt burial during reoxidation.

The combined picture that emerges from Fig. 4 is that Pt, clusters on magnetite constitute a highly dynamic and fragile catalyst system under
near-ambient pressure conditions. At RT, the Pt, clusters reside in an electron-poor Pt®* state due to electronic metal-support interaction
and magnetite remains in its mixed valence, semi-metallic state under 0.1 mbar redox conditions. Under harsher oxidizing conditions at
elevated temperatures, however, the support oxidizes, losing its Fe?* satellite, evolving towards a hematite-like surface, while Pt becomes
deeply buried and spectroscopically invisible with the photon energies used here. Such burial renders the Pt clusters inaccessible for gas-
phase reactants and thus effectively removes them as active catalytic sites, even though they may still persist structurally beneath the
surface. Just like in the cases of Pt, clusters on SiO; and CeO,, the use of size-selected clusters ensures that we can distinguish between subtle
changes like sintering onset and O adsorption/desorption.

These findings closely mirror our recent study on Pt particles on TiO2(110), where we distinguished between classical SMSI-induced
encapsulation by reductive treatments and a non-classical deep burial mechanism in oxidizing conditions, driven by reoxidation of a highly
reduced, Ti interstitial-rich support. There, we argued that the availability of mobile cation interstitials controls the extent and rate of
overlayer growth, and that bulk single-crystalline supports provide a much larger defect reservoir than nano-sized powder grains. In the
present magnetite system, which is intrinsically dominated by cation interstitials, the analogy is striking: Fe cation mobility enables rapid
restructuring and thick-layer formation that can completely bury Pt, clusters in O, at 573 K. Whether such deeply buried Pt could be
dynamically re-exposed under alternating redox conditions, as suggested for Pt/TiO, powders by Willinger and co-workers #84° remains an
open question; our current NAP-XPS experiments on single-crystals do not show any re-emergence of Pt after returning to H,, indicating that,
at least under the conditions probed here, the burial is effectively irreversible.
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Conclusions

Our results highlight that atomically precise, size-selected clusters on well-defined oxide supports provide a powerful platformetordiseritangle
the different dynamics governing heterogeneous catalysis. On the electronically tunable, but chemically iReYt18iE:3iDs6PPOPE Ve
demonstrate that the same Pt cluster size can be prepared in distinct charge states without changing the local cluster—support interface. As
a result, cluster dimensionality changes from (hemi)spherical to 2D island-like. This controlled tuning allows us to study the role of cluster
charge/dimensionality at comparable particle-support interfaces and the oxidation behavior, sinter resistance and response to ammonia
oxidation mixtures with subtle changes in Lewis acidity. On Ce0,(111), in contrast, the dynamics are driven by O vacancies on the support
surface. Experimental control of O vacancy concentration again leads to a transition from 3D to 2D cluster geometries during sintering on
reduced ceria, stabilized by oxygen vacancies. The Ptn/ceria system has been shown to provide a promising route to reversible cluster
redispersion and catalyst self-repair via suitable redox protocols. We found that the proposed Pt?* incorporation at steps starts at the same
temperature where Ostwald ripening sets in. On Fe304(001), finally, cation interstitials dominate the dynamics. Here, modest near-ambient
pressures at RT leave Pt, clusters and the magnetite support largely unchanged, but heating in 0.1 mbar O, rapidly drives the interface into
an oxidized, hematite-like overgrowth, resulting in deep burial of the Pt clusters that is not reversed by subsequent H, treatment. We have
discussed these findings in the context of another interstitial-driven, yet also O vacancy stabilizing support — Pt particles on TiO,(110) — which
shows closely comparable results to Pt,/Fes0a.

Taken together, these case studies delineate a range of Pt, cluster evolution possibilities in such dynamically evolving active sites: from
electronically tuned, but structurally robust clusters on non-reducible oxides, through vacancy-mediated reshaping and self-repair on ceria,
to interstitial-mediated encapsulation and deep burial on magnetite and titania. These findings suggest that model catalyst dynamics must
be engineered within a suitable window: sufficient to enable redispersion, restructuring and charge-state modulation under reaction
conditions, yet limited enough to avoid catastrophic burial of the active metal. On the experimental level, this means that support defect
chemistry (vacancies vs. interstitials, defect density and mobility), cluster dimensionality, and charge state can be controlled as independent
design parameters via support stoichiometry and morphology, as well as cluster generation and catalyst activation. The size-selected cluster
approach, combined with transport strategies for synchrotron-based methodologies, provides the experimental precision needed to track
how precursor structures are converted into active sites. The systems presented here form a basis for deliberately coupling O vacancy and
interstitial dynamics, cluster fluxionality and potentially even external stimuli in order to design catalysts that exploit structural and electronic
dynamics as an intrinsic element of long-term activity, selectivity and self-repair.

Data availability
Data for this article are available at Zenodo at https://doi.org/10.5281/zenodo0.18173638

Author contributions

LF: data curation, writing — review & editing; MH: investigation, methodology, data curation, formal analysis, visualization, writing — review
& editing; JR: investigation, data curation, formal analysis, visualization, writing — review & editing; MKri: investigation, methodology,
software, writing — review & editing; SK: investigation, data curation, formal analysis, writing — review & editing; MD: investigation, writing —
review & editing; MDR: investigation, writing — review & editing; MKra: investigation, writing — review & editing; AS: investigation; SZ:
investigation; UH: resources, writing —review & editing; HB: investigation, resources, supervision, writing — review & editing; FE: investigation,
methodology, data curation, formal analysis, visualization, funding acquisition, writing — review & editing; BAJL: investigation, visualization,
methodology, supervision, project administration, funding acquisition, writing — original draft.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors thank Sebastian Glnther, Tim Kratky and Martin Stutzmann for interesting discussions. Further thanks go to Saskia Weiszer and
Theresa Hoffmann for etching of the Si wafers. This work was funded by the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation) under Germany’s Excellence Strategy EXC 2089/2 — 390776260, through the project CRC1441 (project number 246888090,
subproject A02), and through the grants ES 349/9-1 and HE3454/27-1. This project received funding by the European Research Council (ERC)
under the European Union’s Horizon 2020 research and innovation program (grant agreement no. 850764). This research used resources of
the Advanced Light Source, which is a DOE Office of Science User Facility under Contract DE-AC02-05CH11231. The authors acknowledge
MAX IV Laboratory for time on HIPPIE Beamline under Proposals 20210667 and 20230728. Research conducted at MAX 1V, a Swedish national

12 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx


https://doi.org/10.5281/zenodo.18173638
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6fd00002a

Open Access Article. Published on 11 March 2026. Downloaded on 4/1/2026 2:28:32 PM.

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

== -Faraday Discussions : -1

Journal Name ARTICLE

user facility, is supported by the Swedish Research council under Contract 2018-07152, the Swedish Governmental Agency for Innovation
Systems under Contract 2018-04969, and Formas under Contract 2019-02496.

View Article Online

DOI: 10.1039/D6FD0O0002A

References

1 C. R. Henry, in Nanocatalysis, Springer, 2007.

2 K. H. Meiwes-Broer, Metal Clusters at Surfaces, Springer-Verlag, 1999.

3 W. A. de Heer, Rev. Mod. Phys., 1993, 65, 611.

4 W. Eberhardt, P. Fayet, D. Cox, Z. Fu, A. Kaldor, R. Sherwood and D. Sondericker, Phys. Rev. Lett., 1990, 64, 780.

5 F.S. Roberts, S. L. Anderson, A. C. Reber and S. N. Khanna, Journal of Physical Chemistry C, 2015, 119, 6033-6046.
6 S. Peters, S. Peredkov, M. Neeb, W. Eberhardt and M. Al-Hada, Surf. Sci., 2013, 608, 129-134.

7 W. E. Kaden, T. Wu, W. A. Kunkel and S. L. Anderson, Science (1979)., 2009, 326, 826—829.

8 U. Heiz, A. Sanchez, S. Abbet and W. D. Schneider, J. Am. Chem. Soc., 1999, 121, 3214-3217.

9 A.S. Crampton, M. D. Rotzer, U. Landman and U. Heiz, ACS Catal., 2017, 7, 6738.

10 R. Schlogl, Angewandte Chemie International Edition, 2015, 54, 3465—-3520.

11 R. Bliem, J. E. S. Van Der Hoeven, J. Hulva, J. Pavelec, O. Gamba, P. E. De Jongh, M. Schmid, P. Blaha, U. Diebold and G. S.

Parkinson, Proc. Natl. Acad. Sci. U. S. A., 2016, 113, 8921-8926.
12 F. Kraushofer and G. S. Parkinson, Chem. Rev., 2022, 122, 14911-14939.
13 B. Zandkarimi, T. J. Gorey, G. Li, J. Munarriz, S. L. Anderson and A. N. Alexandrova, Chemistry of Materials, 2020, 32, 8595-8605.

14 F. Maurer, J. Jelic, J. Wang, A. Ganzler, P. Dolcet, C. Woll, Y. Wang, F. Studt, M. Casapu and J. D. Grunwaldt, Nat. Catal., 2020, 3,

824-833.
15 H. Hakkinen, S. Abbet, A. Sanchez, U. Heiz and U. Landman, Angew. Chem. Int. Ed., 2003, 42, 1297.
16 H. Zhai and A. N. Alexandrova, J. Phys. Chem. Lett., 2018, 9, 1696.
17 P.J. Dauenhauer, M. A. Ardagh, M. Shetty, A. Kuznetsov, Q. Zhang, P. Christopher, D. G. Vlachos and O. A. Abdelrahman, Chem.

Sci., 2020, 11, 3501-3510.
18 U. Heiz, F. Vanolli, L. Trento and W. D. Schneider, Review of Scientific Instruments, 1997, 68, 1986—-1994.

19 S. Bonanni, K. Ait-Mansour, M. Hugentobler, H. Brune and W. Harbich, in European Physical Journal D, Springer Science and
Business Media, LLC, 2011, vol. 63, pp. 241-249.

20 S. Lee, B. Lee, S. Seifert, S. Vajda and R. E. Winans, in Nuclear Instruments and Methods in Physics Research, Section A:
Accelerators, Spectrometers, Detectors and Associated Equipment, 2011, vol. 649, pp. 200-203.

21 B. A. J. Lechner, F. Knoller, A. Bourgund, U. Heiz and F. Esch, J. Phys. Chem. C, 2018, 122, 22569-22576.

22 Y. Liu, A. Halder, S. Seifert, N. Marcella, S. Vajda and A. |. Frenkel, ACS Appl. Mater. Interfaces, 2021, 13, 53363-53374.

23 S. Kaiser, F. Maleki, K. Zhang, W. Harbich, U. Heiz, S. Tosoni, B. A. J. Lechner, G. Pacchioni and F. Esch, ACS Catal., 2021, 11, 9519—
9529.

24 Y. Fukamori, M. Kdnig, B. Yoon, B. Wang, F. Esch, U. Heiz and U. Landman, ChemCatChem, 2013, 5, 3330.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 13

Please do not adjust margins



http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6fd00002a

Open Access Article. Published on 11 March 2026. Downloaded on 4/1/2026 2:28:32 PM.

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

== Faraday Discussions = 1

PAPER Faraday Discussions

25 P. Poths, Z. Hong, G. Li, S. L. Anderson and A. N. Alexandrova, Journal of Physical Chemistry Letters, 2022, 13, 11044-11050.

26 S. Kaiser, J. Plansky, M. Krinninger, A. Shavorskiy, S. Zhu, U. Heiz, F. Esch and B. A. J. Lechner, ACS Catal., 2023, 13, 6703262713"""®

DOI: 10.1039/D6FDO0002A

27 E. C. Tyo and S. Vajda, Nat. Nanotechnol., 2015, 10, 577-588.

28 S. Lee, B. Lee, S. Seifert, R. E. Winans and S. Vajda, Journal of Physical Chemistry C, 2015, 119, 11210-11216.

29 B. C. Gates, Supported Metal Clusters: Synthesis, Structure, and Catalysis, 1995, vol. 95.

30 M. D. Rotzer, M. Krause, A. S. Crampton, U. Heiz, B. Yoon and U. Landman, ACS Catal., 2020, 10, 1799-1809.

31 S. Eck, C. Castellarin-Cudia, S. Surnev, M. G. Ramsey and F. P. Netzer, Surf. Sci., 2002, 520, 173-185.

32 M. Sugiura, Catalysis Surveys from Asia, 2003, 7, 77-87.

33 J. Paier, C. Penschke and J. Sauer, Chem. Rev., 2013, 113, 3949-3985.

34 A. Salichon, A. Salcedo, C. Michel and D. Loffreda, J. Comput. Chem., 2024, 45, 2167-2179.

35 Y. Zhou, J. M. Perket and J. Zhou, Journal of Physical Chemistry C, 2010, 114, 11853-11860.

36 Z.Zhang, J. Tian, Y. Lu, S. Yang, D. Jiang, W. Huang, Y. Li, J. Hong, A. S. Hoffman, S. R. Bare, M. H. Engelhard, A. K. Datye and Y.
Wang, Nat. Commun., 2023, 14, 2664.

37 M. Farnesi Camellone, F. Dvordk, M. Vorokhta, A. Tovt, I. Khalakhan, V. Johanek, T. Skala, I. Matolinova, S. Fabris and J. Myslivecek,
ACS Catal., 2022, 12, 4859-4871.

38 G. S. Parkinson, Surf. Sci. Rep., 2016, 71, 272-365.

39 G. S. Parkinson, Z. Novotny, G. Argentero, M. Schmid, J. Pavelec, R. Kosak, P. Blaha and U. Diebold, Nat. Mater., 2013, 12, 724-728.

40 Z. Novotny, N. Mulakaluri, Z. Edes, M. Schmid, R. Pentcheva, U. Diebold and G. S. Parkinson, Phys. Rev. B, 2013, 87, 195410.

41 G. S. Parkinson, Z. Novotny, P. Jacobson, M. Schmid and U. Diebold, Surf. Sci., 2011, 605, L42-L45.

42 B. Arndt, B. A. J. Lechner, A. Bourgund, E. Granas, M. Creutzburg, K. Krausert, J. Hulva, G. S. Parkinson, M. Schmid, V. Vonk, F. Esch
and A. Stierle, Physical Chemistry Chemical Physics, 2020, 22, 8336—8343.

43 S. J. Tauster, Acc. Chem. Res., 1987, 20, 389—-394.

a4 S.J. Tauster, S. C. Fung and R. L. Garten, Strong Metal-Support Interactions. Group 8 Noble Metals Supported on Ti02, 1978, vol.
100.

45 Y. Lykhach, S. M. Kozlov, T. Skala, A. Tovt, V. Stetsovych, N. Tsud, F. Dvorak, V. Johanek, A. Neitzel, J. Myslivecek, S. Fabris, V.
Matolin, K. M. Neyman and J. Libuda, Nat. Mater., 2016, 15, 284—288.

46 C. T. Campbell, Nat. Chem., 2012, 4, 597-598.

47 M. Bowker, P. Stone, P. Morrall, R. Smith, R. Bennett, N. Perkins, R. Kvon, C. Pang, E. Fourre and M. Hall, J. Catal., 2005, 234, 172—
181.

48 H. Frey, A. Beck, X. Huang, J. A. van Bokhoven and M. G. Willinger, Science (1979)., 2022, 376, 982-987.

49 A. Beck, X. Huang, L. Artiglia, M. Zabilskiy, X. Wang, P. Rzepka, D. Palagin, M.-G. Willinger and J. A. van Bokhoven, Nat. Commun.,
2020, 11, 3220.

50 F. Kraushofer, M. Krinninger, M. de la Higuera-Domingo, L. Falling, L. Strauss, S. Kaiser, M. Salehi, G. Anand, V. P. Dieste, M. Blum
and B. A. J. Lechner, J. Am. Chem. Soc., 2025, 147, 39846—39859.

14 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins



http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6fd00002a

Open Access Article. Published on 11 March 2026. Downloaded on 4/1/2026 2:28:32 PM.

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

== -Faraday Discussions : -1

Journal Name ARTICLE

51

F. Kraushofer, M. Krinninger, S. Kaiser, J. Reich, A. Jarosz, M. Flchsl|, G. Anand, F. Esch and B. A. J. Lechner, Nanoscale, 2024, 16,
17825-17837.

View Article Online

DOI: 10.1039/D6FD0O0002A

52 O. Dulub, W. Hebenstreit and U. Diebold, Phys. Rev. Lett., 2000, 84, 3646—3649.

53 S. Schauermann, N. Nilius, S. Shaikhutdinov and H. J. Freund, Acc. Chem. Res., 2013, 46, 1673.

54 U. Heiz, F. Vanolli, L. Trento and W.-D. Schneider, Review of Scientific Instruments, 1997, 68, 1986.

55 C. Zhang, H. Tsunoyama, H. Akatsuka, H. Sekiya, T. Nagase and A. Nakajima, Journal of Physical Chemistry A, 2013, 117, 10211
10217.

56 K. J. Boyd, A. Lapicki, M. Aizawa and S. L. Anderson, Review of Scientific Instruments, 1998, 69, 4106—-4115.

57 J. Reich, M. Soltanmohammadi, V. Vonk, S. Kaiser, U. Heiz, A. Stierle, F. Esch and B. A. J. Lechner, ACS Catal., 2025, 15, 18369—
18382.

58 D. Perco, M. Pozzo, A. Berti, F. Loi, P. Lacovig, S. Lizzit, A. Kartouzian, U. Heiz, D. Alfé and A. Baraldi, J. Am. Chem. Soc., 2025, 147,
21501-21511.

59 K. Andersson, G. Ketteler, H. Bluhm, S. Yamamoto, H. Ogasawara, L. G. M. Pettersson, M. Salmeron and A. Nilsson, J. Am. Chem.
Soc., 2008, 130, 2793-2797.

60 K. A. Stoerzinger, W. T. Hong, E. J. Crumlin, H. Bluhm and Y. Shao-Horn, Acc. Chem. Res., 2015, 48, 2976—2983.

61 P. B. Rasmussen, B. L. M. Hendriksen, H. Zeijlemaker, H. G. Ficke and J. W. M. Frenken, Review of Scientific Instruments, 1998, 69,
3879.

62 M. RoRler, P. Geng and J. Wintterlin, Review of Scientific Instruments, 2005, 76, 023705.

63 F. Tao and P. A. Crozier, American Chemical Society, 2016, preprint, DOI: 10.1021/cr5002657.

64 E. Laegsgaard, L. Osterlund, P. Thostrup, P. B. Rasmussen, |. Stensgaard and F. Besenbacher, Review of Scientific Instruments, 2001,
72, 3537.

65 L. Trotochaud, A. R. Head, O. Karslioglu, L. Kyhl and H. Bluhm, Journal of Physics: Condensed Matter, 2017, 29, 053002.

66 F. (Feng) Tao and P. A. Crozier, Chem. Rev., 2016, 116, 3487—-3539.

67 J. Libra, https://www.kolibrik.net/en/solutions-products/kolxpd.

68 F. J. Himpsel, F. R. McFeely, A. Taleb-lbrahimi, J. A. Yarmoff and G. Hollinger, Phys. Rev. B, 1988, 38, 6084—6096.

69 J. Reich, S. Kaiser, A. Bourgund, M. Krinninger, U. Heiz, F. Esch and B. A. J. Lechner, Surf. Sci., 2025, 752, 122634.

70 F. Kraushofer, Z. Jakub, M. Bichler, J. Hulva, P. Drmota, M. Weinold, M. Schmid, M. Setvin, U. Diebold, P. Blaha and G. S. Parkinson,
Journal of Physical Chemistry C, 2018, 122, 1657-1669.

71 S. I. Raider, R. Flitsch, J. A. Aboaf and W. A. Pliskin, J. Electrochem. Soc., 1976, 123, 560-565.

72 S. Tanuma, C. J. Powell and D. R. Penn, Surface and Interface Analysis, 1994, 21, 165-176.

73 S. Dreiner, M. Schiirmann, M. Krause, U. Berges and C. Westphal, J. Electron Spectros. Relat. Phenomena, 2005, 144-147, 405—-408.

74 Y. Miyamoto and A. Oshiyama, Phys. Rev. B, 1991, 44, 5931-5934.

75 G. K. Wertheim, S. B. DiCenzo and S. E. Youngquist, Phys. Rev. Lett., 1983, 51, 2310-2313.

76 G. K. Wertheim and S. B. DiCenzo, Phys. Rev. B, 1988, 37, 844—847.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 15

Please do not adjust margins



http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6fd00002a

Open Access Article. Published on 11 March 2026. Downloaded on 4/1/2026 2:28:32 PM.

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

== Faraday Discussions = 1

PAPER Faraday Discussions

77 K. H. Meiwes-Broer, Hyperfine Interact., 1994, 89, 263—-269.

78 M. Sterrer, T. Risse, M. Heyde, H.-P. Rust and H.-J. Freund, Phys. Rev. Lett., 2007, 98, 206103. View Article Online

DOI: 10.1039/D6FDO0002A

79 R. Imbihl, A. Scheibe, Y. F. Zeng, S. Glinther, R. Kraehnert, V. A. Kondratenko, M. Baerns, W. K. Offermans, A. P. J. Jansen and R. A.
van Santen, Phys. Chem. Chem. Phys., 2007, 9, 3522—-3540.

80 S. Glinther, A. Scheibe, H. Bluhm, M. Haevecker, E. Kleimenov, A. Knop-Gericke, R. Schlogl and R. Imbihl, J. Phys. Chem. C, 2008,
112, 15382-15393.

81 V. Matolin, J. Libra, M. Skoda, N. Tsud, K. C. Prince and T. Skala, Surf. Sci., 2009, 603, 1087—1092.

82 L. R. Borges, A. G. M. da Silva, A. H. Braga, L. M. Rossi, M. A. Suller Garcia and P. Vidinha, ChemCatChem, 2021, 13, 1340-1354.

83 P. Luches, L. Giordano, V. Grillo, G. C. Gazzadi, S. Prada, M. Campanini, G. Bertoni, C. Magen, F. Pagliuca, G. Pacchioni and S. Valeri,
Adv. Mater. Interfaces, DOI:10.1002/admi.201500375.

84 L. Szabova, M. F. Camellone, F. N. Ribeiro, V. Matolin, Y. Tateyama and S. Fabris, Journal of Physical Chemistry C, 2018, 122,
27507-27515.

85 P. Castro-Latorre, K. M. Neyman and A. Bruix, Journal of Physical Chemistry C, 2023, 127, 17700-17710.

16 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins



http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6fd00002a

Page 17 of 17 Faraday Discussions

Data availability statement
Data for this article are available at Zenodo at https://doi.org/10.5281/zenodo.18173638

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 11 March 2026. Downloaded on 4/1/2026 2:28:32 PM.

(ec)

View Article Online
DOI: 10.1039/D6FDO0002A


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6fd00002a

