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Atomically dispersed metals promise the ultimate catalytic efficiency, but their stabilization onto suitable supports remains challenging owing to their
aggregation tendency. Focusing on the industrially-relevant Pt/y-Al,O; catalyst, in situ X-ray absorption spectroscopy and environmental scanning
transmission electron microscopy allow us to monitor the stabilization of Pt single atoms under O, atmosphere, as well as their aggregation into mobile
reduced subnanometric clusters under H,. Density functional theory calculations reveal that oxygen from the gas phase directly contributes to metal-support
adhesion, maximal for single Pt atoms, whereas hydrogen only adsorbs on Pt, and thereby leads to Pt clustering. Finally, Pt cluster mobility is shown to be
activated at low temperature and high H, pressure. Our results highlight the crucial importance of the reactive atmosphere on the stability of single-atom
versus cluster catalysts.

1. Introduction

Single-atom catalysts (SACs) have recently emerged as a promising new class of atom-efficient materials for a variety of reactions
usually catalysed by supported metal nanoparticles, with possible applications in e.g. chemical synthesis and energy production.*™
While many demonstrations of successful SAC preparation and evaluation have been published to date, > little is known about
the stability and dynamics of isolated atoms and other subnanometric metal species under reaction conditions.*® Controlling
such parameters is crucial before considering any practical application of SACs at the industrial level. Pt/y-Al,O3 is a prototypical
system in heterogeneous catalysis, used for numerous applications such as car exhaust pollution abatement, petrochemistry, and oil
refining.2*2% In 1996, the presence of Pt dimers and trimers on y-Al,O; was demonstrated using scanning transmission electron
microscopy (STEM).?* More recently, it was shown that Pt can be atomically dispersed on alumina by conventional impregnation-
calcination methods through anchoring on coordinately unsaturated Al°* sites.?>?® Such Pt/y-Al,O3 SACs were found active for CO
oxidation.® However, single Pt atoms appear unstable against H, exposure, forming flat subnanometric clusters of one to two
atomic layers.??®  Similar alumina-supported Pt “rafts”??®, obtained upon impregnation-calcination-reduction of Pt
precursors,2¢%-3¢ constitute the active phase in catalytic reforming of naphtha to gasoline, which is among the most important
catalytic processes in refineries.®*% The size, morphology and electronic properties of these subnanometric clusters strongly
depend on their chemical environment.?*342 |n particular, pre-exposure to O, was shown to limit the H,-induced sintering of Pt
nanoparticles supported on alumina.**> However, a clear and general description of the preferred Pt nuclearity (number of metal
atoms) and structure at the various stages of the catalyst synthesis and exposure to reactive atmospheres, taking into account the
reactant adsorption and coverage, was lacking. Herein, we provide an atomic-scale view of the nucleation process of Pt single
atoms (SAs) and their stability or clustering. In situ X-ray absorption spectroscopy (XAS) shows the formation of single Pt atoms
over alumina under oxidative treatment, and their destabilization into subnanometric clusters under reductive treatment.
Environmental STEM (E-STEM) experiments under H, or O, reveal the gas- and temperature-dependent mobility of the Pt
entities. Finally, Density Functional Theory (DFT) calculations allow us to rationalize these behaviours in terms of nuclearity and
O/H coverage, which govern the cluster size, shape and interaction with the support.

2. Methods
2.1. Catalyst preparation

Tetraamineplatinum(ll) nitrate (Alfa Aesar, >50 wt% Pt) and platinum(ll) acetylacetonate (Alfa Aesar, >48 wt% Pt) were used as
Pt precursors without further purification. The y-Al,O5; powder (Sasol Puralox SCFa-140, >97.0 % Al,03) was calcined in air at
600 °C for 3 h before use. For catalyst preparation, 2.0 g of alumina powder was impregnated with 2 mL of an aqueous solution of
Pt(NH3),4(NO3), (incipient wetness impregnation, 0.3Pt-imp sample) or added to a 25 mL ethanol solution of Pt(acac), (wet
impregnation, 0.5Pt-imp sample), and stirred at ambient temperature for 5 h. For 0.3Pt-imp, the solid was dried in air at 60 °C
overnight. For 0.5Pt-imp, ethanol was evaporated with a vacuum rotary evaporator at 80 °C and the solid was dried under vacuum
at 80 °C overnight. The resulting powders were calcined in air (30-50 mL/min) at 300 °C for 2 h (2 °C/min ramp). The Pt loadings



of the 0.3Pt and 0.5Pt samples were find equal to 0.30 and 0.51 wt%, respectively, by inductively coupled plasma - optical
emission spectroscopy (ICP-OES, Horiba Jobin Yvon). It was observed that, for a given Pt loading, incipient wetness
impregnation and wet impregnation lead to similar Pt dispersion and CO oxidation performance, the final calcination being the key
parameter.**

2.2. Scanning transmission electron microscopy

The STEM experiments were performed with a FEI Titan ETEM G2 electron microscope operated at 300 keV equipped with a Cs
image aberration corrector. The extraction voltage, camera length, acceptance angles, STEM resolution and probe current are 4500
V, 245 mm, 29.2-146 °, 0.14 nm and <0.1 nA, respectively. For sample preparation, the powder was crushed and dispersed in
ethanol with ultrasonication, dropped onto a TEM grid or chip, and dried by a lamp. To avoid contamination during analysis and
remove all residual carbon, the samples were Ar plasma-cleaned for 20 s (Plasma Prep 5, GaLa Instrumente). A simple-tilt FEI
sample holder and holey carbon-coated 200 mesh Cu grids were used for high-vacuum analyses at RT. A DENS Solutions sample
holder and SiN, S5 chips (20 nm thickness, 1300 °C max.) were used for the environmental experiments. The movies (S1 and S2)
were obtained from alignment of image series. No filtering was applied on the STEM images.

2.3. X-ray absorption spectroscopy

The local structure of Pt species was investigated by XAS in transmission mode on the ROCK beamline at the SOLEIL
synchrotron. X-ray absorption spectra at the L3 edge of Pt were recorded. The powder samples were placed inside a plug-flow
operando cell composed of a sample holder fitted into a heated block. The cell was connected to a gas distribution system allowing
for careful control of the gas flows at atmospheric pressure. In situ thermal treatments were applied from RT to 300 °C under air
flow (105 Pa, 50 mL/min, 4 °C/min) or H, flow (105 Pa, 30 mL/min, 5 °C/min). The reactor was flushed for 10 minutes under He
between the oxidative and the reductive treatments. Data merging and preliminary analysis were carried out using ATHENA
software,*® EXAFS fitting was performed using VIPER program.*” Wavelet analysis was done using wavelet.m MATLAB
applet.®®

2.4. DFT calculations

Periodic DFT calculations were performed with the VASP code®®* with the PBE (Perdew, Burke, and Ernzerhof) exchange-

correlation functional.>* The projected augmented wave (PAW) method 2 was used to describe the core-electrons interactions and
the plane wave basis set was limited to a kinetic cut-off energy of 400 eV. The convergence criterion for the electronic self-
consistent field relaxation was fixed to 10~ eV, and all calculations were performed at the -point.

The starting points of the calculations are the Pt;.;3/y-Al,03(100) cluster models established in refs.>*%*. In these models, Pt;, Pt,
and Pt,; are stabilized by Pt-O and Pt-Al bonds on the (100) surface, which exhibits pentacoordinated Al atoms, and two- and
three-fold coordinated O atoms.>® The role of Aly in the stabilization of Pt, in particular single atoms, has been emphasized by
Kwak and coworkers.?®?® H, and O, adsorptions on the Pt;3 clusters were simulated in refs. 54 and *°, respectively. In the present
work, we calculated H, and O, adsorption on Pt; and Pt, clusters by geometry optimizations (convergence criterion: all forces
lower than 0.02 eV/A, relaxed atoms: two of the four alumina layers, and the whole cluster with adsorbates). The chemical
potential of a given single atom or cluster for a given O,/H, pressure was calculated from the O,/H, adsorption free energy, taking
into account the vibrational degrees of freedom of the supported Pt entities and the alumina surface, in a similar manner as
explained in, e.g., ref.>” The latter were estimated from harmonic frequency calculations, with a displacement of +0.01 A in each
direction for all relaxed atoms. The Hessian matrix was then calculated by the finite difference method. The nature of the most
stable system at a given temperature and O,/H, partial pressure is given by the lowest (most negative) adsorption free energy.

We quantified the sintering Gibbs free energies of Pt;X,/Al,05 (X=H or O) into Pt,X,/Al,O3, and of Pt;X,/Al,0; into Pt;3X,/Al,Os.
m, n and p are the numbers of H or O atoms adsorbed on the clusters in their most stable state for given temperature and X,
pressure conditions. The reactions taking place during sintering are given in equations 1 (Pt single atom to Pt, dimer) and 2 (Pt
dimer to Pty3 cluster). The brackets depict the cell involved in the calculation. For example, {Al,O3} is a unit cell containing only
the alumina surface.

2{Pt, X, /AL 05} = {Pt,X, [AL05} + {ALO5} + T X, ) €

13n
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A:Gginyay and 4,Gginy(2) are the corresponding sintering Gibbs free energies expressed per platinum atom, given by equations 3 and 4.
A negative value means that sintering is favoured, whereas a positive value means that the Pty SAC (for 4,Ggjny)) Or the Pt, form
of the system (for 4,Ggjny2) is thermodynamically more stable.
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Fig. 1 XANES spectra (a) and EXAFS Fourier transform modules (b) of 0.3 wt% Pt/y-Al,O3 sample, either fresh (0.3Pt-imp), or after calcination in air flow at 300 °C (0.3Pt-C300),
or after subsequent reduction in H, flow at 300 °C (0.3Pt-C300R300), vs. standards. Evolution of XANES spectra (c,d) and EXAFS FT modules (e,f) for the 0.3Pt-imp sample during
calcination in air flow (c,e) and subsequent reduction in H, flow (d,f) from RT to 300 °C.

Fig. 2 Representative STEM-ADF images of the Pt/y-Al,O; catalysts: a) As-prepared 0.3Pt-C300 sample. b) As-prepared 0.5Pt-C300 sample. c) 0.3Pt-C300 sample after H,
treatment during XAS experiment (C300R300). d) 0.5Pt-C300 sample after H, treatment during E-STEM experiment (C300R800). Arrows, squares and circles indicate single Pt
atoms, multimers and clusters, respectively. Inserts of ¢) and d) show Pt particle size histograms.

3. Results
3.1. Formation of single Pt atoms and their stability under oxidizing atmosphere

The X-ray absorption near-edge structure (XANES, Fig. 1a) and extended X-ray absorption fine structure (EXAFS, Fig. 1b)
contributions of an impregnated Pt(NH3)4(NO3),/y-Al,O3 (0.3 wt% Pt) sample (further designated as 0.3Pt-imp), and of the same



solid calcined in air (0.3Pt-C300) were compared to references. The evolution of XANES spectra during heating in air (Fig. 1c)
was analysed in situ as a function of the temperature. The tetraammine Pt(ll) nitrate precursor is partially oxidized to Pt(IVV) when
impregnated on alumina, as the intensity of the XANES white line is significantly increased and the spectrum becomes similar to
that of the PtO, reference (Fig. 1a). From EXAFS (Fig. 1b), the first-shell coordination number (CN) of platinum in the 0.3Pt-imp
sample (CN = 5.2 + 0.6, Table S1) is higher than that of the pure precursor (CN = 4). However, neither conventional EXAFS
fitting (Fig. S1) nor wavelet analysis (Fig. S2) allowed us to detect a heavy (Pt) neighbour in the second coordination shell, which
is present in the PtO, reference. This observation is compatible with previous EXAFS measurements on Pt catalysts supported on
various materials.®%3%8-8% Therefore, in the impregnate, we suspect that Pt on the surface of alumina is present as SAs in a local
oxygen environment, similar to that of Pt(IV) in PtO,. During the subsequent temperature-programmed heating in air from RT to
300 °C, the decrease of the white line intensity and the shift of the main jump to lower energies indicate partial reduction of Pt(1V)
species between 100 °C and 200 °C, followed by re-oxidation above 200 °C (Fig. 1c¢). The Pt(IV)-like oxidation degree suggested
by XAS for the Pt(NH3)4(NO3)./Al,O3 impregnate —instead of Pt(ll) for the molecular precursor— can be due to the presence of
neighboring physisorbed O, molecules around Pt at room temperature. These molecules are prone to desorption upon thermal
heating, until they may also dissociatively chemisorb on Pt at higher temperature, which could explain the observed decrease then
increase of the oxidation degree. Moreover, the initial thermal decomposition of the Pt precursor impregnated on alumina may also
transiently and partially reduce Pt at low temperature.

After cooling back down to RT in air (0.3PtC300, Fig. 1a), a PtO,-like environment is obtained, with a Pt-O coordination number
of 5.5 + 0.8 and a Pt-O radial distance of 2.03 + 0.03 A (versus 6 and 2.04 * 0.02 for PtO,, see Table S1).

For STEM investigations, a higher Pt loading (0.5 wt%, 0.5Pt sample) was also chosen in order to simultaneously visualize a
significant number of particles. STEM images in annular dark field (ADF) detection mode of 0.3Pt-C300 (Figs. 2a and S3) and
0.5Pt-C300 (Figs. 2b and S4) samples confirm the presence of SAs (characteristic white spot size of 0.15 + 0.02 nm,%! Fig. S5) on
calcination treatment. A small fraction of multimers (few-atom clusters) and 1 nm clusters can also be observed. E-STEM
experiments confirm the stability of SAs also under low-pressure oxygen atmosphere (see Section 3.3).

Our results showing the stabilizing effect of oxidizing conditions on Pt dispersion are consistent with other works on several
metal/oxide systems, in line with the facts that SAC preparation often ends with an air calcination and that oxidative thermal
treatment is a common catalyst regeneration process.>"?4352 Density functional theory (DFT) calculations were undertaken to
provide an atomistic justification of the SAC stability in calcination conditions (300 °C, 0.2 10° Pa O,), and describe the Pt
environment for supported Pt,0, (SA), Pt,O, (dimer) and Pt;30, (cluster). Figs. 3a-b (for Pt; and Pt,) and S13 report the thermal
stability of each supported Pt,O, entity. Fig. 4a-c depicts the most stable systems (Pt;O,, Pt,0,, Pt;30,,) together with the values of
the Gibbs free energy for sintering from Pt; to Pt, then Pty3. The affinity of Pt for oxygen is stronger (higher O/Pt ratio) at small
cluster sizes, in agreement with previous findings for non-supported clusters.®® We also expect from the calculation oxygen
desorption in air at 270°C, which is similar to a surface reduction. The calculation of the sintering (clustering) free energy shows
that Pt,, decorated by 4 O atoms, remains in the form of SAs in these conditions, without forming Pt,0, or Pt,30, clusters (positive
sintering free energies). Notably, the sintering free energies calculated in the absence of adsorbate at the same temperature of 300
°C (Fig. 3g-i) suggest a possible sintering from Pt; to Pt;3, even if a slightly positive sintering free energy is calculated from Pt; to
Pt,. Thus, taking into account the O coverage and its evolution as a function of the nuclearity is crucial, otherwise reverse
conclusions can be reached.?® This leads us to invoke interaction modes different from the one proposed when focusing on the
PtO, stoichiometry only.5



270
|

a T (°C)
Pt,05 Pt,0, i P(O,) = 0.2 10° Pa
4; | X \}% 4‘ _l< >L P(O,) =130 Pa
f T(°C)
125
500
‘ T(°C)

Pt,0,

P(0,) = 0.2 105 Pa

4 —}{ * P(0,) =130 Pa

T(°C)

| T (°C)
Pt,Hs Pt,H, P(H,) = 105 Pa

: %
¢
b P(H,) = 500 Pa

T (°C)

@Pt ©A @0 c¢H ‘
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Fig. 4 Most stable systems found by DFT calculations for each nuclearity (Pt;, Pt,, and Pt;3 supported on y-Al,03(100)) depending on experimental conditions. The sign of the
sintering free energy indicates whether clustering is possible or not from a thermodynamic point of view. a) Pt;0,, most stable in calcination conditions (10° Pa air, 0.2 10° Pa Oy,
300 °C). b) Pt,0,. ¢) Pty30,,.%® d) Pt;H,, obtained under reduction conditions (10° Pa H,, 300 °C). ) Pt,Hs. f) Pt;sHs,,% obtained from Pt,Hs in reduction conditions. g) Pt;sHo, >
obtained in typical E-STEM conditions (500 Pa H,, 700 °C), h) Pt, free from adsorbate> and i) Pt, free from adsorbate,> both modelled as reference systems.

The negative free energy (-58 kJ.mol™.atp ) for sintering of supported Pt;30,, into bulk PtO, (Fig. S13 and Supplementary
Theoretical Methods S1) shows that this trend can be limited depending on the concentration of SA. In the PtO, model, the Pt
atom is connected to 4 O atoms, the shortest bond (1.76 A) corresponding to a terminal O atom (not bonded to the support). Pt is
strongly anchored onto the support through 3 Pt-O bonds (1.91, 1.95 and 2.11 A) and 4 O-Al bonds. The average of the 4 Pt-O
bond lengths is 1.93 + 0.14 A. In the most oxygenated system, Pt,Os, the platinum atom is surrounded by 5 O atoms, with an
average bond length of 1.98 + 0.11 A. These values are in reasonable agreement with the EXAFS data for the coordination number
(5.5 = 0.8) and the radial distance (2.03 + 0.03 A) in the calcined catalyst. In the Pt,0, model, 8 Pt-O bonds exist, but only 4 O
atoms participate in metal-support bonds, due to the upward position of one of the Pt atoms. The amount of adsorbed oxygen is
thus directly linked to the ability to form Al-O bonds between dissociated O, and the support at the platinum/support interface.
From Pt,0, to Pt,0, and then Pt,30,,, the O/Pt ratio decreases (4, then 2, then 1.69), meaning that sintering is accompanied by O,
desorption, which is favoured from an entropic point of view. Thus, the stabilization of the single atoms with respect to Pt, and
Pt;5 species cannot be of entropic nature, and is thus of enthalpic nature. The latter can be explained by the higher O/Pt ratio for
Pt,, corresponding to a higher gain in enthalpy due to the larger number of dissociated O, molecules per platinum atom, thus with
more numerous Pt-O and Al-O-Pt bonds. This explains the optimal stabilization of single Pt atoms.



3.2. Response to H,

In situ XAS was also performed to analyse the response of the Pt/y-Al,0; SACs to H, atmosphere. Heating from RT to 300 °C
under H, flow following the previous in situ formation of the 0.3Pt-C300 SAC through air calcination, shows a progressive and
strong decrease of the XANES white line intensity (Fig. 1d), corresponding to the formation of Pt(0) species.®® The presence of
isobestic points attests that the initial oxidized state transforms directly to reduced Pt without involvement of any stable
intermediate state. In situ EXAFS observations reveal an increase of the Pt-Pt/Pt-O FT component ratio already below 50 °C (Fig.
1f), which is further supported by clear Pt-Pt neighbour contributions after cooling back the sample to RT (Figs. 1b, S1 and S2).
However, no large metallic Pt particles are formed, but Pt clusters with Pt-Pt CN lower than 5 (Table S1). At the same time, a light
neighbour (O), belonging probably to the oxide support, is detected.

STEM analyses performed after the XAS experiments confirm the partial clustering of Pt SAs under H,, and its increased
probability at higher temperature (Figs. S8 and 2¢/S9 correspond to treatments at RT and up to 300 °C, respectively).

The dynamics of Pt clusters under H, was then investigated by E-STEM from RT up to 800 °C. Figure 5 reveals their significant
mobility at temperatures lower than ca. 200 °C. The clusters are overall stable in size (0.88 £ 0.07 nm), with strikingly similar size
distributions before (average size 0.85 nm) and after (0.90 nm) the heating period under H, (Fig. S6a, see also STEM images of
Figs. 2d and S7). Only a slight gradual increase in size above ca. 400 °C can be distinguished (Fig. S6b). Noticeably, the same
average value of 0.88 nm was measured for 0.35 wt% Pt supported on chlorinated y-Al,O5 after high-temperature treatment in
H2_28

50°C, S mbar W2
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Fig. 5 STEM-ADF images recorded at increasing times (0, 22, 29, 39, 125 and 171 min) and temperatures (50, 100, 150, 200, 450 and 700 °C) for the 0.5 wt% Pt/y-Al,O; catalyst
(0.5Pt-C300 sample) under 500 Pa H,. Coloured circles show individual clusters while the blue oval shows a group of clusters. The central white circle shows the location used for
beam focus tuning. From one frame to the next, an identical location is indicated as a dotted circle with the same colour. The full movie (S1) can be found in ESI.

To rationalize and quantify the H,-induced clustering and mobility effects, the interaction of hydrogen with supported Pt,, Pt, and
Pt,3 clusters was modelled through DFT calculations. Stability domains were calculated as a function of the temperature and the
H, partial pressure (Figs. 3c-d and S14). In the absence of adsorbate, the Pty; cluster is expected to be of biplanar morphology,



interacting through Pt-Al and Pt-O bonds with the support.5® Note that the largest dimension of the biplanar Pt5 cluster (Fig. 3g) is

0.9 nm, consistently with the experiments. In the presence of H, at high pressures and/or at low temperatures, the cluster was found
to reconstruct in a cuboctahedron and disconnect from the support.*>®® This is connected to the proposal, from EXAFS
observations, of “interfacial hydrogen™ between the cluster and the support.2®*°” Fig. 4d-f summarizes the most stable species
(Pt;H,, Pt,Hg, PtisHs,) identified in reduction conditions (10° Pa H,, 300 °C). Hydrogen spillover was found marginal in these
conditions, in agreement with the non-reducible nature of the support.®® The calculation of the sintering free energy shows that,
under H,, sintering is a favourable process from a thermodynamic point of view, contrary to what is observed in calcination
conditions. Hydrogen adsorbed on platinum behaves very differently from oxygen. Its interaction with the support is much weaker,
in particular for the Pt;H, system where the two H atoms adsorb in an upward geminal mode on Pt (Figs. 3d and S14a). On the
contrary, for the Pt;O, system, the O atoms are also strongly bonded to the support via Al-O bonds. By increasing the nuclearity to
Pt,, the second Pt atom, disconnected from the support, interacts with many more H atoms (4), yielding a hydrogen-richer system
(PtyHg). This trend is confirmed for Pt,3 (Pty3H3,), which is thus more stable from an enthalpic point of view.

From Pt to Pty3, the H/Pt ratio increases from 2 to 2.5. The sintering however occurs (negative sintering free energy A Ggjny1y +
AGginy2), Fig. 4) despite the need for adsorbing extra H, molecules from the gas phase, with a high loss in entropy. Thus, here
again, the ability of platinum to sinter under H, atmosphere is driven by enthalpic aspects, in spite of opposite entropic
contributions.

The conclusion is reversed with respect to the behaviour under O,, due to the higher affinity of hydrogen for platinum rather than
for the support, whereas oxygen is better stabilized at the platinum/support interface rather than on Pt alone. SAs are the preferred
systems to increase the amount of O atoms (per Pt atom) at the interface between the metal and the support, whereas clusters are
the optimal systems to increase the number of H-Pt bonds while minimizing the cluster/support interaction. The sintering free
energy from supported Pt;3Hs, to bulk platinum (Supplementary Theoretical Methods S1) is estimated at -145 kJ mol ™ atp X, which
means that sintering could go far beyond 1 nm particles in the presence of H,. However, from STEM experiments, the particle size
hardly exceeds 1 nm. One may think of a kinetic limitation for sintering. Charge analysis**® shows that for the Pt;3H3, model, the
Pt clusters are cationic with negatively charged H atoms. This charged shell is likely to prevent cluster coalescence by mutual
electrostatic repulsion. Above ca. 200 °C up to 800 °C, the clusters almost immobilize (on an overall time period of 2 h), as shown
by the E-STEM image series of Fig. 5. Consistently, from DFT calculations, cluster mobility is expected below 200 °C under 500
Pa H,, simultaneously to the biplanar-to-cuboctahedron transition. Under 10° Pa H, (XAS conditions), the loss of metal-support
interaction for the clusters is expected below 330 °C (Fig. S14).

3.3. Response of Pt clusters to O,

In order to evaluate the possible mobility / redispersion of Pt species under O,, Pt clusters and SAs were monitored by E-STEM
under 130 Pa O, (Figs. S10-S12, Movie S2). Both types are quasi-immobile under O, between RT and 800 °C. DFT calculations
show that the Pt3 clusters are strongly oxidized (from 1.5 to 1.8 O per Pt atom) in these conditions, and remain strongly bonded to
the support (Figs. 4c and S13c) through mainly Pt-O and O-Al bonds. The metal-support interaction energy (Fig. S13) for Pty
clusters substantiates the enhancement of the cluster mobility under H,, versus the enhanced stacking to the support under O,, in
agreement with the experiments. From a thermodynamic point of view, redispersion of the clusters should be feasible as reverse
sintering reactions (Fig. 4a-c), and has been observed for Pt/ Al,O3 catalysts between 300 °C and 600 °C under atmospheric-
pressure oxygen.%® However, kinetic limitations likely have to be overcome, which would explain why redispersion is not observed
under the present experimental conditions.

The mechanisms of O,-induced stabilization and H,-induced destabilization revealed here for Pt/Al,O; SACs may qualitatively
apply to other metal/oxide systems, as related behaviors have been recently observed, without theoretical rationalization of the
underlying mechanisms, for e.g. Pt/CeO, 2" Pt/Fe,0;"°, PUMCM-22 8, and Ir/FeO, ™.

4. Conclusions

By a combination of in situ XAS at atmospheric pressure, STEM after ex situ thermal treatments, E-STEM at low pressure, and
DFT calculations taking into account realistic temperature and pressure, the present work unravels the mechanisms and conditions
in which SACs remain stable or sinter, in the case of the prototypical Pt/y-Al,O3 system. It is shown for the first time that oxygen
atoms originating from gas-phase O, serve as ligands that stabilize the Pt SAC, in addition to the alumina support. Indeed, in O,-
rich atmosphere, owing to the strong Pt-O-Al bonding, Pt SAs are stable, immobile and strongly oxidized. In contrast, under H,,
SAs aggregate into subnanometric clusters, which are mobile above a critical H coverage owing to the strong Pt-H interaction at
the expense of the metal-support adhesion. As-prepared SACs may thus not keep their single-atom nature in all catalytic
applications, in particular when H, is present in the atmosphere.
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