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ABSTRACT.

The understanding of the reactivity of supported platinum with oxygen is of paramount
relevance in heterogeneous catalysis, inter alia. We present here a multi-scale investigation of the
interaction of highly dispersed Pt/y-Al,Os catalysts with O,, through the combination of TPD
(Temperature-Programmed Desorption) experiments, ab initio simulations on a model Pt;3/y-
AlLyOs cluster, and kinetic simulations of the TPD thanks to data obtained ab initio. The specific
behavior of the sub-nanometric platinum particles is benchmarked against the one of the ideal
Pt(111) surface, as predicted by similar ab initio — based kinetic modeling. This approach reveals a
fully different reactivity of highly-dispersed Pt nanoparticles with respect to Pt(111), with a much
higher capacity of oxygen storage for given temperature and P(O,) conditions. In a large operating
conditions interval, the Pt;3 clusters are converted in an oxide, the stoichiometry of which is close
to PtO,, but with a very specific hemispherical shape. Ptcjster-Oatumina and Ocluster-Alaiumina bonds
ensure a very strong interaction of these clusters with the support. The kinetic scheme built upon
ab initio data to simulate TPD experiments allows to attribute the highest desorption temperatures
reached experimentally to highly dispersed particles, from Pt;30,0 to Pt;304 clusters, through

Pt130,6 and Pt;30, intermediates.
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1. Introduction

Platinum is a widely used active phase in heterogeneous catalysis due to its intrinsic activity for
hydrogenation/dehydrogenation reactions as well as its redox properties.'™ It is involved in many
environmental, refining and petrochemical applications.”™ Concerning automotive applications,
post-treatment devices contain different metals such as rhodium, palladium and platinum enabling
the oxidation of hydrocarbons and carbon monoxide in C02.9 Platinum also contributes to the
conversion of chemical energy into electricity assisting the hydrogen oxidation to water in fuel
cells.'”!® Platinum is also involved into CO conversion to CO, and H, through the well-known
water-gas shift reaction.” Recently EU listed platinum as critical material since the supply of the
platinum group metals (PGMs) is still relatively concentrated within few countries.'* The
optimization of high dispersions is a way to reduce practically the use of PGMs.

Understanding the catalyst structuration effect on its reactivity and selectivity is then decisive. In
particular, size effects play a huge role in many properties of nanoparticles, with respect to bulk
materials.”>'"'® These effects are also expected to vary significantly according to the environment
of the catalyst, such as the nature of the support or the nature of the gas. For example, the Pt(111)
surface is considerably changing in the presence of O,, from dissociative adsorption on hollow fcc

24-26

sites'” > to PtO, layers, or, depending on temperature and O, partial pressure, to more special

surface structures such as triangles,”’ honeycombs™ or spoke wheels.”” A structure effect of
platinum for interaction of O, is already known: in the case of Pt(321) and Pt(211), the presence of

30-31

steps or adatoms influences the adsorption of oxygen. These atoms facilitate the adsorption at

low coverage and lead to higher heats of adsorption than Pt(111). The particle size was also shown
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to have a drastic impact on oxygen retention for supported platinum catalysts, playing a major role
in structure sensitive oxidation reactions.**>*

In the present work, we focus on the interaction of O, with the Pt/y-Al,O3 system, starting from
well-dispersed catalysts with subnanometric metallic particle sizes. This is of interest for all the
applications where platinum is used in oxidizing environment, such as for oxidation reactions, but
also considering that most reduced platinum catalysts were obtained first in an oxidic form, after
impregnation, drying and possible calcination.”> Moreover, adsorption of oxygen on platinum
particles is also a way to investigate the dispersion of a catalyst.’**” Gamma alumina is a versatile
non-reducible support, often chosen at the industrial and laboratory scale for its high surface area
and significant surface reactivity,” allowing for the dispersion of small metallic particles, if not
Single Atom Catalysts.*'™** Our aim is to get an atomic-scale insight in the surface structures
described by the ultra-dispersed Pt/y-Al,O3 system in the presence of O,, and in the strength of the
corresponding interaction.

Ab initio modeling appears as a relevant tool for the investigation of well-dispersed
platinum particles on various oxides, in particular y-ALOs.'***® Thanks to Density Functional
Theory (DFT) calculations, small non-supported aggregates from Pt, to Pty* ™" were shown to
reconstruct easily upon O, adsorption, which makes the adsorption strongly favorable. The
preferred adsorption mode on these structures is the bridge one. For particles larger than Ptss '
regular facets such as Pt(111) or Pt(100) surfaces can be identified, contrary to the very distorted
morphology of the smallest clusters.”>>® The heat of adsorption of oxygen on the facets is of the
same order of magnitude as for the extended surfaces alone. The adsorption of atomic oxygen
however appears to be preferred at the intersections of these facets such as edges and corners,

thanks to the low-coordinated platinum at edges combined with platinum atoms mobility.
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Systematic DFT calculations for clusters of variable size show that size effect is substantial for the
adsorption of oxygen below about 150 atoms.>* While many DFT studies deal with the adsorption

20-21,26,30,55-60 : o
26303560 stydies taking into account the

of oxygen on flat or corrugated platinum surfaces,
support effect on the interaction of oxygen with platinum clusters are much scarcer, and generally
concern very small clusters or single atoms, and a single O, molecule.”*'®* A systematic
investigation of the interaction of oxygen with sub-nanometric platinum cluster, typically Pt;s,
supported on y-Al,Os, taking into account the effect of O coverage, function of the temperature
and O, partial pressure, and possible reconstructions, is thus needed. The approach previously
undertaken in the case of hydrogen interaction with Pt;3/y-Al,O3, revealing strong reconstructions
of the metallic phase and modulation of the metal — support interaction upon variation of the H
coverage,’® is worth being extended to oxygen.

In the present work, we propose to combine ab initio periodic calculations and O,
Temperature-Programmed Desorption (TPD) measurements, the respective consistency of which
will be evaluated thanks to kinetic modeling, based on the ab initio data, through a multi-scale
simulation approach. While such an approach turned out to be successful in the case of oxygen

6475 it was never demonstrated for

desorption from Pt(111)°® and for many other chemical systems,
the interaction of oxygen with the ultra-dispersed Pt/y-Al,O3 system so far. First, a systematic
structural investigation is provided for O, dissociative adsorption on Pt;3/y-Al,O3(100), for a
number of oxygen atoms pre cluster ranging from 1 to 32, thanks to ab initio molecular dynamics.
Our own calculations on the Pt(111) surface allow the comparison with highly dispersed platinum

using the same approach. Thermodynamic and kinetic data are extracted from these ab initio

models, which allows us to build a kinetic model to simulate the TPD experiments. This
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multiscale approach a full assignment of the experimental feature in terms of particle size and

oxygen coverage.

2. Methods and experimental details

2.1.  Ab initio calculations

Structure optimizations were performed with the Vienna Ab initio Simulation Package
(VASP).”*77 A plane-wave basis set using the Projector-Augmented Wave (PAW)”® was
employed. The GGA-Perdew-Burke-Erzenhof exchange correlation functional”” was used for the
whole study. The cut-off energy for the plane-wave basis was set to 400 eV. Gaussian smearing
with o = 0.02 eV was used for the supported clusters. The electronic optimizations were done up
to a convergence of 107 eV for the self-consistent loop, and geometries were optimized until all
forces on atoms were lower than 0.02 eV/A. Dipolar correction was added in the direction

80-81

perpendicular to the slab. Bader charges® " were calculated at the same level of theory.

For the cluster system, we chose the dehydrated y-Al,O3 (100) surface model of Digne et al. as

the support model.**™*’

Indeed, from previous studies about monometallic or bimetallic catalysts,
models involving y-Al,03(100) dehydrated surface as a first approach, already provided fruitful
detailed information.*'***%*% A two platinum-layers Pt;3 structure was found the most stable on
this alumina facet.”® The box dimensions (16.71x16.79x21.80 A*) were chosen in order to avoid
lateral interactions between periodic cluster images. Periodic slabs consist of four alumina layers
separated by a vacuum thickness corresponding to more than two equivalent empty layers. The

two topmost alumina layers were relaxed, as well as all metallic atoms, whereas the two other

alumina ones were frozen. Calculations were performed at the I" point. For the Pt(111) model, a
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3x3 five-layer slab model was used, with a K-points grid of 5 x 5 x 1. The top three layers were
relaxed while the two other ones were frozen.
The adsorption energies of atomic oxygen were calculated per O, molecule, according to equation

1. The energy of O, (Ej,) was calculated by placing a O, molecule into a 15 x 15 x 15 A’ box.

Eqasorption = %(EPt{i}On — Epeyiy — %Eoz) (Equation 1)
n is the number of oxygen adsorbed per cell on Pt;3 or Pt(111), Eps(i30,, and Ep.(;y the electronic
energies of the system considered with or without adsorbed oxygen respectively (supported Pt;;
cluster or Pt(111) surface). Energies presented in this work are displayed in kcal.mol™ per O,
molecule, and are computed negatively when the reaction is favorable. In the case of n > 2,
equation 1 gives the arithmetic mean adsorption energy per O,.

In the case of the supported Pt;; cluster, with a number of oxygens higher than one, four
geometries were first optimized to determine the most stable one. The latter was then refined by
velocity scaled molecular dynamics (MD) at 600 K, with a time-step of 5 femtoseconds over 1500
steps, the whole alumina support being frozen for such calculations. In the course of the dynamics,
very significant geometry changes were observed for most stoichiometries, sometimes with
reconstruction of the cluster (Supporting Information S1). The three most stable geometries
obtained during the MD run were then chosen to be quenched by performing a structure
optimization calculation with the same characteristics as previously detailed.

For the alumina supported cluster model, the interaction energy between support and platinum

cluster was calculated by equation 2.

j— * * .
Einteraction = (EPt130n/y—A1203 - EPt130n - Ey—A1203) (Equation 2)
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with single point calculations (referred to as a star superscript) for the separate cluster and
support systems at the geometry of the supported system.

The thermodynamic diagram was built from the most stable quenched geometries obtained after
molecular dynamics. Vibrational parts of the enthalpy and entropy were determined by an
harmonic frequency analysis. This was performed with a displacement of £0.01 Angstrém in each
direction for all relaxed atoms in the cell (same as for geometry optimizations). The Hessian
matrix was then calculated by the finite difference method. The entropy of this condensed phase
was assumed to result only from its vibrational part neglecting rotational and translational degrees
of freedom. The calculation of the free energy for each system was done using the equations
reported in Supporting Information S2. The oxygen-adsorption free energy Gadsorption (cumulated
over all adsorbed oxygen molecules) used to build the thermodynamic diagrams is given in
equation 3. The different domain of coverages present on the diagrams reflects the minimum free

energy among other coverage systems.

G adsorption (poz’ T, 902) - (GPt13 On (T’ 602) - GPt13 (T) - 2 G 0> (poz’ T)> (Equation 3)

Concerning the transition states identification for the dissociation of adsorbed O,, the NEB
method (Nudge Elastic Band) of VASP was used.® The convergence criterion for the relaxation
loop was set to 0.02 eV/A. The initial guess for eight intermediate images was determined by
Opt’n Path® via a cartesian translation of the atoms from the initial to the final state. After
completion of the NEB optimization, a quasi-newtonian®’ calculation was performed on the image
that was the closest to the transition state. A vibrational calculation was finally done to validate the
transition structure, with a single imaginary vibrational mode corresponding to the reaction

studied.
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2.2. Kinetic modeling

The Chemkin Pro ® software® was used to simulate TPD experiments ab initio thermokinetic
data. A perfectly stirred reactor was used as the reactor peclet number was much lower than unity.
Thiele and mass Biot numbers were found to be also much lower than one, highlighting the
occurrence of kinetic regime. Hence, the diffusion phenomena of gas species to the surface were
not taken into account.

The reaction mechanisms was built by including successive dissociative adsorption reactions of
one molecule of O, according to equations 4 and 5. Each direct and reverse reactions are listed, up
to 32 oxygen atoms for Pt;3 and 1 ML (monolayer) for Pt(111).

Pt30, + 0, 2 Pt130,,,, (Equation 4)
2Pt*"+ 0, 220" (Equation 5)

It should be noted that in the case of Pt;30, systems, the elemental site considered in
microkinetic calculations corresponds to one Pt;; particle with a global energetics. This differs
from the Pt(111) scheme, for which each platinum was considered as one site.

The rate constants of dissociative-adsorption reactions were computed using a sticking
coefficient s, as detailed in equation 6, I;,; (cm™) standing for the number of free sites, m the
reaction order and Ey;ssociation the activation energy needed for the dissociative adsorption to

occur.

S RT Egi iation :
k on = ——= ex (— —ssociallon Equation 6
adsorption Tror™ 2nMo, p RT ( q )

Notably, such a mean-field model does not take into account the need to have two neighbouring
sites for O, dissociation into two atomic oxygen. Such a need was shown recently in ref. * This

approach also does not indeed take into account surface species transport phenomenon, such as
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migration. Taking all these aspects into account would require a kinetic Monte Carlo simulation,
for example, which is beyond the scope of the present work. Likely, the rates evaluated in the
present work might be overestimated due to the absence of condition to have two neighboring free
sites in the model. Part of the gap between the model and reality may be compensated by the
choice of sticking factor values, for which we do not have any accurate experimental
determination.

To account for coverage dependent dissociation energy, a linear law was applied to the
dissociation energies found for Pt(111), whereas piecewise linear trends were applied to the three
ab initio dissociation energies investigated on the Pt;3 cluster (see later, section 4.3).

Thermodynamic consistency was guaranteed by equation 7, with A Hgesorption and
ArSgesorption the average enthalpy and entropy of the desorption reaction, determined between

300 K and 1000 K with ab initio simulations between two consecutive oxygen coverage

structures.

Aeresorption _TArSdesorption)

RT (Equation 7)

Kaesorption = Kadsorption X €XP (_

Few studies investigated the sticking coefficient of O, on Pt(11 1),2°*! however it was shown

to vary strongly with O, partial pressure and temperature. No temperature deviation from the

setpoint were detected experimentally implying that the endothermic effect due to desorption may
be neglected.

The desorption rate constants were fitted to the Arrhenius-Kooij formalism represented by

equation 8.

k=AXTF xexp (— E““;’%) (Equation 8)

10
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A, B and E,.ivation denote respectively the pre-exponential factor, the temperature exponent and
the activation energy (in kcal.mol™).
2.3. Experiments

a. Preparation of the catalysts

Ultra-dispersed platinum catalysts were obtained by impregnation of a H,PtCls solution
(STREM Chemical, 99.9 wt% purity, concentration adjusted to reach 0.3 wt % and 1 wt % Pt) on
v-Al,O3 (BET surface equal to 200 m%.g™, obtained from the calcination of a SB3 boehmite gel
from SASOL, same protocol as in ref. %), followed by drying at 120°C overnight, and calcination
at 520°C under dry air (1 L.g™.h™") for 2 h, dechlorination by a wet air flow (8000 ppm.h™" water)
at 520°C. The dechlorinated samples were finally reduced under H, flow (1 L.g".h”', 2 h) at

500°C.

b. Characterizations

The catalysts were characterized by X-ray fluorescence (Thermo scientific ARL Perform’X) to
determine the final platinum and chlorine content. The results are presented in Supporting
Information S3 and show that the expected compositions are reached (close to 0.3 wt % and 1 wt
% for platinum, low chlorine loadings).

Platinum dispersion on alumina was determined by hydrogen titration of chemisorbed oxygen
(Hx—O, titration) in a Gira Xsorb apparatus with a thermal conductivity detector. The samples
were first calcined under air at 530°C for two hours at 10°C min™. The sample then was cooled
down to room temperature and purged with He. The first reduction with H, was done at 450°C for
two hours with a flow of 87 NmL min' and a ramp of 5°C min™. After cooling down to room
temperature and purging with He, pulses with pressures from 0.5 to 60 kPa of oxygen were added

until saturation occurred at 35°C. This process was repeated once.

11
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HAADF-STEM (High angle annular dark field — scanning transmission electron microscopy)
experiments were performed on a STEM/TEM JEOL 2100F microscope operating at 200 kV with
a spot size of 0.5 nm. The reduced catalyst sample was grinded, suspended in ethanol and
sonicated. A drop of the resulting suspension was deposited on a copper grid coated with a holey-

carbon film, and the alcohol was evaporated.

c¢. 0; Temperature-Programmed Desorption

The TPD experiments were performed with a Micromeritics (Autochem II 2920) set-up. The
oxygen release was quantified with a mass spectrometer (Pfeiffer QMS 200). Experiments
consisted in three steps with a total gas flow set to 50 mL.min™": (1) a pre-treatment step at 600°C
during five hours with helium enables to remove adsorbed water as well as to clean the surface
from adsorbates present on the catalyst and on the metal oxide; (2) a contact step with O, (mixture
of 5% v/v Oy/He) during one hour at 100°C; (3) finally, the release of molecular oxygen is
followed during the increase of temperature with a ramp of 5 °C/min using helium as carrier gas.
The temperature and duration of the pre-treatment step were optimized after analysis of the
behaviour of the 1 wt % Pt/y-Al,O3 material (Supporting Information S4). The mass spectrometry
signals of O, for alumina alone was moreover substracted from that of the catalysts obtained with

the same treatment conditions, to extract the contribution of the metallic particles alone.

3. Experimental results

3.1. Dispersion of platinum nanoparticles

12
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The platinum nanoparticles supported on Al,O3 were characterized after synthesis and reduction
with scanning tunneling electronic microscopy. Figure 1 presents the picture recorded for the 0.3

and the 1 wt % platinum fresh catalyst.

Figure 1 : Scanning tunneling electronic microscopy of the fresh a) 0.3 wt % Pt/y-Al,O3; and b) 1 wt %
Pt/y-Al,O; catalyst after dechlorination.

The average particle size is 0.85+0.18 nm and 1.07 = 0.17 nm respectively for 0.3 and 1 wt %
Pt/y-Al,O; catalysts (Figure 2), underlining the formation of highly-dispersed nanoparticles
supported on alumina. The average particle size corresponds to about ten-atoms platinum particle.
Moreover the H,/O, titration performed gives a 0.98 and 0.90 dispersion respectively for the 0.3

wt % and 1 wt % Pt/ y-Al,O; catalysts.

13
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Figure 2 : Particle size distribution of the fresh 0.3 and 1 wt % Pt/y-Al,O; catalysts after dechlorination
(resp. 143 and 289 items probed).

3.2. O,-TPD experiments

For the 1 wt % Pt/Al,O; catalyst, O, desorption is detected mainly at 504°C and 757°C (Figure
3). The peaks deconvolution with a Gaussian fit allows to put into evidence a shoulder at 835°C
(Supporting Information S5). The main peak is shifted to 710°C on the 0.3 wt % Pt/Al,O; catalyst
while shoulders are detected at 515°C and 931°C. In quantitative terms, the system with the lowest
Pt content (0.3 wt% Pt) leads to an enhancement of the highest temperature peak and a decrease of

the lower temperature peak as compared to the system with the highest Pt content (1 wt%).

14
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Figure 3 : Relative intensity of oxygen (m/z=32) during the Temperature-Programmed Desorption with

the 0.3 wt % and 1 wt % Pt/y-Al,O; catalysts.

Parker et al. report the TPD of O, on Pt(111) with different initial oxygen coverages.”” They
show that for coverages lower than 0.2ML, only one peak appears around 460-540°C. A second
peak at 400°C is noticed for higher oxygen coverages and a third one lies at 120°C for initial
oxygen coverages above 0.5ML. No desorption is reported above 680°C. For stepped surfaces’ a
similar pattern is observed with peaks lying between 300°C and 600°C, with two peaks close to
400°C and 500°C. Our results show that desorption of oxygen on highly dispersed platinum
particles supported on alumina occurs on a completely different range of temperature. This
suggests that the platinum dispersion has a huge impact on oxygen interaction with platinum, thus
on O, desorption profile. The shift of O, desorption peaks towards high temperature can be

associated with stronger interactions between oxygen and platinum atoms in the case of highly

15
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dispersed platinum particles on alumina. In previous reports dealing with more or less dispersed
Pt/Al,O5 catalysts, the main desorption peaks appeared below 500°C, but temperatures higher

than 700°C were generally not sampled.***>

4. Ab initio simulation of oxygen adsorption reactions

Ab initio electronic structures calculations were undertaken on Pt;30,/y-Al,O3; model to simulate
the behavior of highly dispersed platinum. Pt(111) was also considered to compare with the
behavior of large particles or ideal metal surfaces. It also provides a good reference case

(Supporting Information S6).

4.1. Adsorption of atomic oxygen

The 13-platinum atoms particle model is supported on a (100) gamma alumina surface model.”
The particle is composed of two layers of platinum atoms, among which 12 atoms out of 13 are a
priori accessible to external molecules. This corresponds to a theoretical dispersion of 0.92. This
small particle implies a non-regular surface on which no typical extended surface emerges.

Due to the absence of symmetry, each platinum atom and thus each site has a unique behavior.
First, we simulated about 60 potential adsorption sites for oxygen (top, bridge and hollow sites) by
geometry optimization. Among the simulated configurations, some of them evolved into more
stable ones. The adsorption energies obtained are summarized in Figure 4. Their average, by

adsorption mode (as detailed below) is given in Table 1. Some of these structures are shown in

Figure 5.

16



10

11

12

13

14

15

16

N
S

----- Pt(111)-0.25ML
S N
o A .
S 60 N\
— [ /—\\\
3 ‘ AA \
- \'\-‘
QDT —80 Fovsosuopagoses | A..... ....\. .................
g \ A A,f
2 E100 | A |
o < /
o Edges”
2 -120 f
<< Surface
-140 MEEEETE BT B SAT R BT SAT AN B R

Distance to the support (A)

Figure 4 : Adsorption energies per O, for a single O atom on the supported Pt;; cluster, as a function of
the distance to the support compared to Pt(111)-0.25 ML. The distance to the support corresponds to the

difference between oxygen and mean aluminum of the first alumina layer z coordinates.

From Figure 4, three groups emerge according to their distance from the support. A first group,
close to alumina (from 1 to 2.5 A) is composed of the more stabilizing sites for atomic oxygen.
This group corresponds to non-expected adsorption sites that involve the alumina support. Figure
5d shows one of these structures, with the oxygen bonded to one platinum and one aluminum
atom. Such site is hereafter named bimetallic bridge. The bimetallic hollow site (Figure 5e) is
composed of two platinum atoms and one aluminum. These peculiar sites which involve the
support stabilize drastically the adsorbed oxygen atoms. Two bimetallic hollow sites and two
bimetallic bridge sites stand out by their heat of adsorption over -120 kcal.mol”, compared to the

average -90 kcal.mol™ for typical sites.

Table 1: Average adsorption energy per O,, at low oxygen coverage.

17



Adsorption mode Adsorption mode E.dsorption (kcal.mol'l)
top -89.8
bridge -83.9
. hollow -87.7
Pt130 — this work bimetallic bridge (ALPY) 71081
bimetallic hollow
(AL.2Pt) -122.8
Pt(111) — this work 0.25ML -81.3
Pt(111)* 0.25ML fcc hollow 47.5
Pt(111)" 0.25ML fcc hollow -69.6
Pt(321)" near-edge fcc hollow -67.2
Top -75.2 (x=1)
Top, bridge -79.4 (x=2)
Non supported Pt, Oy 49 gﬂgg: _;zi gzii
Bridge -86.8 (x=5)
Top, bridge -112.6 (x=10)
Non supported Pt;; ** top -60.9

The second group of sites, exhibiting a distance to the surface between 2.5 A and 4.4 A involves
two layers of platinum. They correspond to oxygen atoms adsorbed on the edges of the cluster.
The adsorption energies are dispersed (from -60 to -100 kcal.mol™) but they are significantly less
negative in average as compared to the first group. The third group includes the farthest sites, i.e.
located on the top of the particle (gap with the second group: 0.75 A). The oxygen atoms are
oriented to the gas phase (Figure 5a to 5c). The adsorption energy range does not differ
significantly from the second group. These data illustrate the significant promoting effect of the

support.

18
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Figure 5 : Illustration of top (a), bridge (b) and hollow (c) typical sites with bimetallic (Al Pt) bridge (d)

and hollow (AL Pt, Pt) sites (e). Platinum atoms are in blue, alumina in pink and oxygen in red.

The adsorption energies (in absolute value) at low coverage on Pt(111) are much lower than
most of the Pt;30 adsorption energies (Table 1 and Supporting Information S6). However the
Pt(111) system with 0.25ML of oxygen exhibits a similar adsorption energy (-81.3 kcal.mol™)
with respect to the particle traditional sites (edges and gas oriented). This tends to indicate that at
low oxygen coverage the main factors determining reactivity are the nature of the support and its
interaction with platinum. Mihai et al.”® experimentally quantified the heat of adsorption of O, on
poorly dispersed Pt/Al,O5 catalysts (dispersion: 0.12), and obtained values close to -70 kcal/mol,
close to single crystal experiments,”’ showing that the support effects becomes substantial only for
highly dispersed catalysts, such as the one considered in the present work.

Also adsorption energies on the supported cluster are of the same order of magnitude as non-
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supported nano-oxides (np<13) studied by Schneider et al.” At this scale, the bridge adsorption
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mode is clearly preferred. The case of non-supported Pt;3 as investigated by Zhang et al.*® is the
exception with two top oxygen atoms, with an adsorption energy close to Pt(111) one. This

supports the idea that alumina support favors oxygen adsorption.

4.2.  Evolution of adsorption properties with O coverage and cluster structuration

Higher oxygen coverages were then investigated. Molecular dynamics was used systematically
from Pt;30; to Pt;30s3, to identify stable configurations (Supporting Information S1). The
energetic feature of the most stable systems found is shown in Figure 6. The structure of the
systems exhibiting a significant stability domain is depicted in Figure 7, whereas all the discussed
structures are reported in Supporting Information S7.

For all coverages, the bridge adsorption mode is preferred for oxygen on the particle. In the case
of bimetallic sites, the bridge mode is still represented but the bimetallic hollow site (2 platinum,
one aluminum) dominates. From two oxygen atoms adsorbed, the cluster gradually reconstructs.
Two-layers-like structures (noticed TL) are the most stable up to 12 oxygen atoms, deviating
however strongly from the initial one (without oxygen). Therefore the 13 platinum atoms become
all accessible for n > 10, the single initially occluded atom being displaced in such a way by
oxygen that it becomes accessible. At higher oxygen coverages, the particles from Pt;30,3 to
Pt;3046 exhibit a fully reconstructed hemispheric shape, referred to hereafter as HM. Within this
structure, platinum atoms are tetra- and pentavalent. The oxygen atoms are interspersed between
the platinum ones. This increases the volume of the cluster up to 290% (volume of the platinum
polyedra of 84.1 A® for Ptz to 201 A3 for Pt;30,4). The transition between these two cluster
shapes (two-layers and hemispheric) appears for intermediate coverages between 14 and 16

oxygen atoms, with a smooth energetic transition (Figure 6).
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Figure 6 : Mean adsorption energies of O, according to the oxygen coverage for supported Pt;30,
structures and Pt(111). "Légaré,* *'Pang et al.,*' *Schneider and coworkers.*® For Pt;;0, structures, the
monolayer is calculated as the number of oxygen atoms divided by 13, 13 being the number of accessible

platinum atoms. Therefore Pt;30y is considered as a 2 ML structure.

Finally, the structures at very high coverage, starting from Pt;30,6, show the disintegration of the
hemispheric shape by adsorption of additional oxygen atoms in top mode. This comes along with
the segregation of a few platinum atoms. Non-dissociated O, molecules can also be distinguished
at high coverages. Although a reconstruction was also observed upon exposure to hydrogen,*"**
the latter is very different in nature with respect to the one calculated here for oxygen: the bilayer

cluster transforms into a cuboctahedron from 20 hydrogen atoms per cluster, with loss of covalent

bonding with the support.
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The evolution of the average adsorption energy according to oxygen coverage (Figure 6)
decreases (in absolute value) continuously in a quasi-linear way. These values contrast
significantly with the ones reported with extended surfaces as Pt(111)**?' and Pt(321).*° The

cluster shows a huge capacity of stabilizing oxygen atoms on it.

O, partial pressure (bar)

*

10715 ]

10716 s ‘ . . _ﬁ
-200 0 200 400 600 800 1000 1k ‘ >}. .4_ ‘

Temperature (°C)

Figure 7 : Phase diagram for supported Pt;;0, according to temperature and partial pressure of oxygen.

The structures of the systems exhibiting a significant stability domain are also depicted (side views).
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A (Po2 ,T) phase diagram was built thanks to entropy and enthalpy obtained with ab initio
structures (Figure 7). Contrary to the case of Pt(111) (Supporting Information S6), the diagram for
supported Pt;; only shows a very small stability domain for zero oxygen coverage. This means
that the cluster is always oxidized for realistic oxygen partial pressures, in the absence of reducing
agent. The diagram is mainly occupied by the high coverage hemispheric structures, having 16 to
24 oxygen atoms. This is compatible with the experimental observation of poisoning of platinum

by oxygen at low dispersion.”®

Py(111)

this work

Rt

Pt bulk”® 2 0/Pt 1 0/Pt
Pt(321) 0.6 ML ]
Pt,;,0,/yALO,4
this work

Pt,0,*
Pt,0,}

0 100 200 300 400 500 600 700
Temperature (°C)

Figure 8 : Comparison of platinum-oxygen phase diagrams at Po,=0.1 bar according to the nature of the

surface. "Légaré,”® "Phase diagram of the bulk platinum in presence of only O, by HSC Chemistry data,

"Schneider and co-workers,”” *Schneider and coworkers.**°

Figure 8 summarizes the phase diagrams reported in the literature for a common partial pressure
of O, of 0.1 bar. The capacity of the 13-platinum cluster to hold oxygen is of the same order of
magnitude as the non-supported Pt, and Pt; particles studied by Xu and coworkers.* " This is

much higher than the extended surfaces capacity in this condition, but closer to the bulk capacity.
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The high dispersion, the ductility of the platinum clusters and the energetics of oxygen adsorption
sites are directly related to the capacity of holding such a quantity of oxygen, even at high
temperature. This gives an atomistic picture of the origin of the differences between large and
small platinum particles, for oxygen adsorption and reactions.'****® Moreover, the stoichiometry
of the supported cluster is close to PtO, in these pressure conditions, over a large range of
temperature.

The platinum/alumina interaction energy is globally strengthening as the oxygen coverage
increases (Figure 9a). The opposite trend was noticed on Pt;3H, structures,” with an unhooking of
the cluster from the support. The impact of the metal/support interaction on the related bond

length is not strong (Figure 9b).
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Figure 9 : (a) Interaction energy between the alumina support and the oxidized platinum clusters. (b)
Average Pt-Pt, Pt-Ogypport and Pt-Ogjuger bond lengths, and minimum Pt-Al length as a function of oxygen
coverage. The maximal bond lengths were set to 3.8 A for Pt-Pt and 2.5 A for other bonds. Dotted lines

corresponds to the two-layers structures whereas plain lines are hemispheric structures data.
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Indeed, the average lengths of Pt-Al and Pt-Ogyppore bonds do not vary by more than 5%. The
single trends that can be seen is the shortening of the Pt-Ogypport bonds from the bi-planar to the
hemispheric structures, in line with the strengthening of the interaction. Moreover a substitution of
Pt-Al by Al-Ogjster bonds occurs with increasing oxygen coverage (Supporting Information S7).
Likely, the strongest cluster/support interaction comes from those additional Al-Ogj,ster bonds. The
Pt-Pt length increases with oxygen coverage from about 2.8 A to 3.4 A. This represents a 20%
rise. The Pt;30,4 and Pt;30,, structures that coexists in the two structure types show that the Pt-Pt
bonds are slightly shorter for the hemispheric cluster shape than for two-layers structure.

To further investigate the impact of oxygen coverage on charge transfer, the Bader partial
charges were computed for platinum and oxygen on the cluster (Figure 10). The oxygen charge
remains almost constant with oxygen coverage (between -1 and -0.5), close to the oxygen Bader
charge of PtO, oxide. However the charge of platinum is increasing almost linearly with coverage,
starting from a Pt to a 1.2 electron-depleted platinum for very high oxygen coverage, quite close
to a kind of PtO, charge. The smooth transition noticeable from two-layers to hemispheric
structures emphasizes the blurred energetic transition discussed previously, showing also that
Bader charges are mainly dominated by the stoichiometry of the supported oxide, more than by
the morphology. Note that the total charge of the cluster (platinum plus oxygen) remains very
close to zero, showing a very weak charge transfer with the support for particles holding oxygen,

contrary to what was reported in the presence of hydrogen as adsorbate.®
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the two-layers structures while the full dots stand for hemispheric structures.

4.3. Activation energy for the dissociation of O,

Potential energy surfaces and transition states for O, dissociation were determined on Pt;3/y-
AL,O3; model, in comparison with Pt(111). For the supported cluster, three coverages were
investigated: (1) the dissociation of O, on a reduced particle (from 0 to 2 oxygen atoms per
cluster), (2) with an intermediate coverage on a two-layers cluster structure (from 8 to 10 oxygen
atoms per cluster) and (3) on a high oxygen coverage cluster with an hemispheric shape (from 22
to 24 oxygen atoms per cluster). For Pt(111), two energetic pathways were investigated: the
dissociation of O, on a reduced surface and another one with an initial 0.5 ML atomic oxygen
coverage. On the later structure, the dissociation leads to a 1 ML oxygen coverage. In all cases,
this evaluation was performed using the most stable final state. The energy paths are summarized

in Figure 11, key-structures (including transition structures) being shown in Supporting
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Information S8. The later corresponds to the O-O bond elongation. Adsorption of a non-
dissociated O; is energetically favored, more strongly on the clusters than on Pt(111). Notably, on
Pt(111), the molecular adsorption of O, is more favorable on the reduced surface, whereas the
reverse trend is observed for the cluster, with more negative energies in the case of the oxidized

cluster.
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Figure 11 : Dissociation barriers from initial state Pt;30, to Pt;30,+,, and Pt(111)O, to Pt(111)O,,. The

energies are displayed relatively to each initial state energy.

The dissociation barriers from adsorbed O, (forward and backward) are given in Table 2. Fu et
al. report a similar behavior with a O-O bond scission with a 8.8 kcal.mol™ barrier on a reduced
surface of Pt(111).® A 8.3 kcal.mol™ barrier is calculated for the low coverage dissociation on
Pt(111). It reaches 32.5 kcal.mol™ for the medium coverage. Consequently, the atomic oxygen
coverage has a significant inhibiting effect on O, dissociation for Pt(111). For the supported Pt;;

cluster, a 3 kcal.mol™ barrier for the reduced particle is obtained while the one with a medium
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coverage is about 15 kcal.mol™, despite the same two-layers structure. On the contrary, no
significant influence of the cluster structuration (HM versus TL) is noticed as the activation
energy found for Pt;30,4 formation is almost equivalent to that of Pt;30;¢. Note that Zhang and
coworkers™ found an activation energy of 10 kcal.mol™ on a non-supported Pt;3 reduced particle,

within the interval we find here.

Table 2: Dissociation and association barriers for O, dissociation on Pt(111) and Pt;30, cluster

Reaction Dissociation barrier | Association barrier
(kcal.mol™) (kcal.mol™)
Pt(111) + Oy(g) > Pt(111) - 0.25ML 8.3 67.7
Pt(111) - 0.25ML + O4(g) = Pt(111) - 0.5ML 32.5 48.9
Pt;3 + Oy(g) 2 Pt;30, 3.0 47.8
Pt;305 + O4(g) 2 P304 15.1 39.2
Pt;305 + O,(g) 2 Pt;30,4 13.8 45.0

To conclude, the ab initio investigations of supported Pt;;0, clusters reveals a very strong
affinity of the catalytic system for oxygen, leading to highly oxidized stoichiometry, the
dependence of which is elucidated as a function of the temperature and O, pressure. The
metal/support interaction is strengthened upon oxidation thanks to Platinum-Oxygen-Aluminum
briges. A reconstruction takes place, from a biplanar-like morphology at low coverage, to
hemispherical shapes at high coverage. Dissociation barriers of O, were also determined and
significantly depend on the oxygen coverage. It is now worth analyzing the macroscopic

consequences of such microscopic features, which is done thanks to multi-scale kinetic modeling.
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5. Kinetic modeling of O,-TPD

Detailed kinetic models were developed to deduce the expected TPD profile from ab initio
calculations (Supporting Information S9), together with the definition of the surface species
present throughout the TPD. The kinetic model analysis is performed on several key parameters in
order to evaluate its ability to simulate the TPD. Prior ab initio calculations emphasize on close
energy structures for specific oxygen coverages. The impact of the scheme structuration on the O,
release has been benchmarked. This allows to evaluate the scheme complexity level towards
experimental data. Considering a scheme that takes into account all the structures, sensitivity
analysis and reaction path analyses have been performed. Therefore both key structures and

reactions are identified.

5.1. Impact of the dispersion on O,-TPD

The most stable structures determined by ab initio calculations for each oxygen coverage were
used to build the present kinetic mechanism. To represent the complex transition between the two-
layers (TL) and hemispheric (HM) structures, two structures were considered for Pt;3014 and
Pt130,6 with their own kinetic parameters. To correctly depict this transition, two reversible
surface reactions were implemented to connect one structure to the other. The activation energies
come from ab initio data, the pre-exponential factors were set to 10'' s™ as recommended for non-
rotating and non-mobile adsorbate by Dumesic et al.”
An important parameter likely affected by Pt dispersion is the sticking coefficient (equation 6).

Ertl et al. investigated it on Pt(111) in vacuum conditions.* They found that it depends on the

collision angle with the surface, the oxygen coverage and the temperature, and is of the order of

29



EENOS)

10

11

12

13

14

15

16

17

102, Therefore, several coefficients were attempted in this work for the Pt;; mechanism, starting

from a trial value of 1072,
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Figure 12: (a) Predicted O, concentration profile during O,-TPD with Pt(111) and Pt;3, with TPD
experiments on highly-dispersed Pt/y-Al,Os. (b) Impact of sticking coefficient and of a typical error (+ 3.6
kcal.mol™ for enthalpies and + 3.6 cal.mol’ K for entropies, see text) on Pt;; kinetic model with a
5°C/min temperature ramp and starting with the Pt;305 structure. The O,-TPD experiments of “Olsson et
al.”” and Parker et al.” are also reported. The lines represent the range of occurrence of O, release and the

crosses the associated rate-of-desorption maxima.

Figure 12 shows the simulations of the O,-TPD experiment with Pt(111) and Pt;3 kinetic models
with a sticking coefficient of 107 for all reactions. The Pt;3 simulation exhibits two successive
desorption peaks at 686°C and 839°C corresponding to the transition from Pt;30, to Pt;30;6.10
and then to Pt;304 respectively. These peaks lie in the temperature ranges of the main
experimental TPD peak, above 700°C. In the case of the Pt(111) simulation, three peaks are
obtained (at 384°C, 639°C and 814°C for s=107, corresponding to 0.75ML > 0.50ML = 0.25ML

- OML respectively). The desorption is here centered around 600°C.
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Experimental TPD of Olsson et al.”> (poorly dispersed supported catalysts) and Parker et al.”?

(Pt(111)) show respectively one and three peaks in the same temperature range from 300°C to
600°C. The temperature ramp applied in their studies are quite different (40°C/min and 8°C/s
respectively) and may impact O,-TPD shape. In contrast, the O, adsorption kinetic parameters of
Deutschmann'® (version of nov. 1995 with duplicated adsorption reaction) were implemented in our
own kinetic model, which leads to a broad signal from 100°C to 1100°C with a simulated ramp of
5°C/min.

The sticking coefficient is typically measured at very low pressure (< 0.1 atm) which is not

22,90-91

representative of the thermodynamic conditions of the TPD experiment. Several studies put

forward that for Pt(111) surface, the O, sticking coefficient lies around 10, For Pt(111) stepped

101102 the coefficients were higher and around 10" but the sites were quickly saturated.

surfaces,
Considering the peculiar structure of Pt;3 cluster, we varied the sticking coefficient of O, from 1 to
10°. Even though the sticking coefficient is expected to decrease with 0¢_ it was assumed to be
independent of oxygen coverage, for the sake of simplying the analysis of its impact on
desorption. According to the present model, the first two O, peaks start to merge for sticking
probabilities lower than the threshold value of 10 (Figure 12-b). A slight shift towards higher
temperatures 1s observed for the last peak.

The estimation of enthalpies and entropies from ab initio calculations can also lead to an error
for methodological reasons. To estimate the consequences of typical errors, we built two kinetic
models that lower or enhance the reactivity. The sticking coefficient of O, was set to 1. The model

that enhances the kinetic (named Pt;3 unc. + in Figure 12b) is built so that 3.6 calmol' X! are

added to each 4,Sges0rprion and 3.6 kcal.mol™ are removed to Edigsociation and Ay Hgesorption- In that
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case a 60°C peak shift is noticed. The Pt;3 unc. — model displays two merged peaks at low
temperature and a 70°C shift to higher temperatures.

From our analyses, one can conclude that all desorptions are simulated above 500°C with the
Pt;3 model, in line with the highest temperature peaks recorded experimentally for both 1% and
0.3% Pt/y-Al,O3 ultra-dispersed catalysts. The lower temperature peaks are better explained by
our Pt(111) ab initio kinetic model, suggesting that the biggest particles are at the origin of these
peaks. Accordingly, they were shown to be more abundant on the 1% Pt/y-Al,O3 catalyst (Figure
2). The Pt;3 model remains too discrete with respect to the experiments, with two sharp peaks
(686°C and 839°C) surrounding the experimental main large peak (757-710°C, depending on the
sample). This suggests that considering a single cluster size, initial morphology and support
orientation is an oversimplified description of the system. However the main trends are captured,

which is clearly impossible with an ideal surface model such as Pt(111).

5.2.  Reaction paths analyses

As the current model is able to reproduce TPD experiment correctly at high temperatures, we
may perform path analyses to interpret the model behaviour at high temperatures. The logarithm
of the rate constants taken at the temperature of the peaks are reported in Figure 13a. It shows that
the preferential path goes through Pt;30,6.1r that is the predominant structure between 630°C and
810°C. The rate constants are sufficiently high to desorb more oxygen via the reaction between
Pt13016.um and Pt13014.qm. The preferred path engages then both Pt;304.10 and Pt;30144m  to

Pt1301,.
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Figure 13 : (a) Logarithm of the rate constants (in s) at the peak temperature for Pt;;0, kinetic
mechanism. The sticking coefficient of O, is 107, (b) Predominant surface species during TPD experiments
with distinct scheme structure. The impact of the pre-exponential factor of the two surface reaction A is
studied as well as the two paths involving Pt;30,. 1. or Pt;30,.qv independently. The sticking coefficient of

0, is 10 The reference scheme is the darker one.

The pre-exponential parameters of Pt;30,, reduction to Pt;30, appear by far as the most
important ones for O, concentration prediction, the sensitivity being 40 times higher than that of
the Pt;30,5 to Pt;30,6-HM reaction. This sensitivity is however significant only between 310°C
and 380°C, before the first desorption peak occurs. This suggests that some Pt;30,, may appear at
low temperature and desorbs at lower temperature than the first observed peak.

In order to evaluate the impact of the four structures for n=14 and 16, the TPD was predicted
with only TL structures or HM structures using two distinct schemes. The predominant species are

displayed in Figure 13b, as a function of the temperature. First and foremost, the major species

33



10

11

12

13

14

15

16

17

18

19

20

21

22

23

remains Pt;30,9 up to the same temperature for the common scheme and the TL one. The
desorption of O, from this species is predicted to occur at higher temperature for HM model than
for TL model. While the TM model proceeds mainly through Pt;30;6.11, the HM scheme predicts
a direct desorption from Pt;30,g to Pt;30;9. Moreover the pre-exponential factor set for the surface
reactions has a very modest impact on O, release and does not induce any variation in the scheme
path.

Finally, one may compare the stability domains given by the kinetic model (Figure 13b) and
from the ab initio thermodynamic diagram (Figure 7). Trying to depict the species appearing in
the course of the TPD by a single O, partial pressure and by an equilibrium situation is not
possible, as we should have a large kinetic stability domain for Pt;30g in any case, before reaching
Pt;304. This shows that kinetic limitations play a strong role in TPD, which cannot be described

by a simple thermodynamic diagram.

Considering the temperature ranges of O, desorption, the multi-scale approach which relies on
ab initio calculations for microkinetic model development provides a consistent model. In
addition, the kinetic analyses offers an unrivalled mean to interpret the features of the
experimental O,-TPD. It highlights the effect of complex systems involving different cluster
geometries which tends to be more realistic. In addition, the kinetic analysis demonstrates that

both cluster morphologies (two-layers and hemispherical) must be considered for O, desorption.
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6. Conclusion

In the present work, we have presented a multi-scale approach applied to oxygen adsorption on
highly dispersed Pt/y-Al,Os3, combining TPD experiments, ab initio and kinetic modeling. High
temperature desorption was observed experimentally, suggesting that much stronger interactions
exist between oxygen and Pt;s3 clusters than for extended surfaces. The ab initio electronic
calculations of a 13-platinum cluster supported on alumina shows that the support is involved for
the most stable adsorption sites. A morphology change is observed according to oxygen coverage,
with a low coverage structure characterized by two parallel layers of platinum and an
hemispherical shape at high coverage. Ab initio thermodynamic data allows to build a phase
diagram that shows a highly oxidized cluster for accessible O, pressure and temperature. The same
study was applied to the Pt(111) surface. Kinetic schemes were then set up to simulate TPD
experiments using Pt;; and Pt(111) ab initio simulated thermokinetic parameters. Despite some
uncertainties on sticking coefficient and desorption free energy barriers, the two models suggest
that the experimental low temperature desorption is in agreement with some peak of the Pt(111)
simulated TPD, characteristic of large particle with regular facets, whereas high temperature
desorption is clearly the contribution of small platinum particles.

Finally this work highlights the reactivity of highly dispersed platinum supported on alumina.
Several computed thermochemical data such as the heat of adsorption and the achievable oxygen
coverage thoroughly differ from well-known extended surfaces. The temperature-programmed
desorption of O, and the related kinetic simulations demonstrate similar desorption temperature
ranges that again consolidate the approach of coupling the experimental and modeling work. The

model established herein could be implemented in the future for highly dispersed platinum
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catalysis mechanism in oxidant media, such as oxidation of carbon monoxide into CO,. Some in-
depth work would be needed regarding kinetic parameters such as the sticking probability. Also it
is shown that a special attention has to be made to account for the structural dimension of modeled
systems and its translation in the kinetic scheme. Yet complex ab initio models, including a
support, an anisotropic catalyst structure and a large oxygen coverage range among others, are
herein shown to be relevant when integrated in a kinetic scheme according to the conducted O,-

TPD experiments.

ASSOCIATED CONTENT

Supporting Information contains: illustration of a typical velocity-scaled MD run with cluster
reconstruction; estimation of the Gibbs free energy of adsorption; X-Ray fluorescence a for the
two catalysts; optimization of the TPD protocol; deconvolution of the TPD profiles; dissociative
adsorption of O, on Pt(111) investigated by ab initio calculations; most stable structures found for
the supported Pt;30, system from ab initio calculations; transition structures for the dissociation of

O;; kinetic parameters for the Pt;30, model and Pt(111) model.
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