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ABSTRACT. The understanding and quantification of the CO adsorption modes and strength on
ultra-dispersed platinum catalysts supported on y-Al2O3 is of prominent importance for analytic
and catalytic purposes. We report a multi-scale experimental (AEIR, CO-TPD) and theoretical
approach to provide vibrational properties, adsorption enthalpies, and desorption behaviours. First
principles calculations on Pt13(CO)m/y-Al203 and Pt(111) surface models (using various exchange-
correlation functionals) provide a complementary view to experimental approches. Adsorption
enthalpies computed with the RPBE functional appeared to be compatible with AEIR results. The
occupation of top sites by CO dominates the behavior of supported Pt clusters. CO coverage
reaches higher values compared to Pt(111) for similar operating conditions, and considerable
cluster reconstruction is observed at high coverage. First principles calculations also confirm the
IR assignement related to the various adsorption modes on top and bridge sites, and demonstrate
a particle size effect, lowering the frequency of linear adsorption at top sites with respect to
extended Pt(111) surfaces. Finally, first principles-based micro-kinetic modeling of CO-TPD
experiments shows that the adsorption strengths predicted on the small size cluster by DFT are
compatible with the experimental ones. We discuss possible reasons for the experimental

desorption pattern to be much broader than the computed one.



1. Introduction

The interaction of carbon monoxide with transition metals is a wide topic of interest, with respect
to its various analytical and catalytic applications. Indeed, the CO stretching mode is used as a
probe of the electronic properties and nature of sites of the metal itself, as measured by the strength
of the Metal-Carbonyl bond.! Moreover, CO is transformed into valuable chemical compounds
(such as in the Fischer-Tropsch and Water Gas Shift processes).?® Its removal is needed in
hydrogen purification* and pollution abatement systems.®> For combustion engines, aftertreatment
of the exhaust gas including CO is performed thanks to heterogeneous catalysis where the active
phase is a noble metal such as platinum, rhodium and palladium. In the case of platinum (scope of
the present work), highly dispersed active phases show different structural, spectroscopic and
reactive properties compared to extended surfaces.®*® Characterizing the interaction of CO with
platinum particles, both from qualitative (adsorption mode and site) and quantitative (interaction
strength, CO coverage) standpoints is a key milestone to better control the reactivity of CO on the
metal active sites.

In the present work, we aim at unraveling at the atomic level the strength of the interaction of
CO with ultra-dispersed Pt/y-Al2Os catalysts, and its consequences for the structural and
spectroscopic features of the CO molecules, and for the energetics of desorption. y-Al>Os is indeed
a support of large prominence in heterogeneous catalysis. Its major use in industrial processes as
a support for noble metal catalysis in general is explained by its high surface area and ability to
hinder catalyst sintering.'*

The interaction of CO with platinum extended surfaces has been experimentally studied for the
past 30 years by various analytical techniques.*>23 The coordination (for molecular entities) and
adsorption modes (for surfaces) were defined as given in Figure 1. LEED studies®® and vibrational
analysis'’ showed that the top position is the preferred one at low coverage (below 0.33ML) on

the Pt(111) surface.
3



Ab initio Top Bridge Hollow

notation

O
. ] [

Adsorption I"

mode CI: C‘ C‘
e N -
N ~ A

Experimental  Linear Multibonded

notation L B 3FC

Figure 1. CO adsorption mode terminologies.

Carbon monoxide adsorbs in regular patterns that change according to the temperature, the partial
pressure of CO and the surface. At higher coverage, the top and bridge positions are in
competition.®® A vibrational shift is observed for linear adsorbed CO according to the structuration
of the catalyst (in particular: particle size).2*?® In addition, the CO heats of adsorption according
to several adsorption modes on Pt/Al,Os were quantified via Adsorption Equilibrium InfraRed
(AEIR) spectroscopy by Bianchi et al.}224272% who investigated numerous carbonyls adsorption
modes on Pt/Al>Os. They determined linear and multibonded heats of adsorption and demonstrated
that dispersion does not significantly impact the linear species in the 0.44-0.75 dispersion
range.!>?° Pre-oxidised catalyst exhibits a peculiar 2120 cm™ vibration mode!? attributed to
platinum depleted linear site (oxidised Pt?*). Temperature Programmed Desorption (CO-TPD) was
performed on both extended surfaces!®2%-?! and dispersed platinum supported on alumina,® that
converge to a global desorption of CO below 500°C. Also, XAS measurements suggested that the
structure of platinum particles is strongly modified upon CO adsorption.®

By density functional theory (DFT) calculations performed at the generalized gradient
approximation (GGA) level, the preferred adsorption mode of CO on the Pt(111) surface is the
hollow one, slightly more favoured than the top mode.®2® Yet mainly the top mode is
experimentally observed.'® Moreover, using the PBE exchange-correlation functional, adsorption

energies are overestimated.®® This contradiction named as the “CO puzzle”® finds its origin in an
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inaccurate description of the CO HOMO-LUMO gap,** and is not exclusive to platinum.323® The
problem is solved using the Random Phase Approximation (RPA),3” however the calculation time
needed is hardly affordable. Cheaper approaches consist in applying a priori or a posteriori
corrections, such as the GGA+U approach,®® and the correlation approach using the CO singlet-
triplet gap.3®*° The role of dispersion corrections to usual functionals was also recently
highlighted.**

Comparing CO adsorption calculated features of stepped and flat surfaces, a strong structure
sensitivity was found.*? The DFT simulations of small Pt/y-Al,Os clusters (below 1 nm) are much
scarcer * than the one of extended surfaces or big unsupported clusters,*** in particular with
respect to CO adsorption properties.*®>2 However, such particles are likely to be present in
oxidation catalysts. They play a key-role in alkane dehydrogenation®® and naphta reforming
catalysis.>*> Thus, it is crucial to compare the properties of these sub-nanometric supported
particles with those of extended surfaces.

In the present work, we unravel the interaction of CO with highly dispersed Pt/y-Al.O3 catalysts
over a large range of CO coverage, by combining: (i) AEIR spectroscopy and CO Temperature
Programmed Desorption experimental measurements, (ii) first principles calculations of the
structures (including molecular dynamics), stability and vibrational feature of adsorbed CO, (iii)
first principles based kinetic modelling of the CO-TPD profiles. This multi-scale approach
provides unprecedented insights into the atomic scale behavior of sub-nanometric platinum
particles supported on alumina in the presence of CO, accounting for the effects of CO partial

pressure, and of the temperature.

2. Methods and experimental details

2.1. Sample and experimental set-ups



The catalyst (1%wt Pt/y-Al,Oz) was prepared by impregnation of H2PtCle solution, followed by
calcination, dechlorination and reduction, as explained in a previous study.>® X-ray fluorescence
and H»/O titration on the catalyst demonstrated that almost no chlorine remains in the solid. The
average particle size was estimated to be 1.07 £ 0.17 nm.>®

Prior to the AEIR experiment, the catalyst was finely crushed and then pressed into a square
pellet of 1.21 cm? (11 x 11 mm) under a pressure of 100 MPa. The mass of the final catalytic pellet
was equal to 12 mg and the thickness of this wafer was estimated to 100 um. The pellet was placed
in the sample holder of a small internal volume stainless steel IR cell (0.283 cm?®) in the
transmission mode described elsewhere.>” The solid was pre-reduced in-situ with a controlled gas
flow rate at atmospheric pressure, by the following pretreatment sequence: He (400°C, 3 hours,
10mL/min) — 5% Hz/He (400°C, 5 hours, 10mL/min) and cooling at room temperature under He
flow.

The experimental procedure of the AEIR method consisted first in introducing at 25 °C a 0.3%
CO/He mixture (total pressure = 1 atm, flow rate = 12 mL/min) on the catalyst. Then the
temperature was slowly increased (3 °C.mint) to 400 °C while the FTIR spectra of the adsorbed
species were periodically recorded (256 scans/spectrum). The AEIR procedure assumed that the
evolution of a specific IR band with the increase in temperature was only due to the adsorption
equilibrium, without overlap with sintering or poisoning. The recording of the adsorption was also
performed during the cooling of the sample and no difference was observed with respect to the
signals at ambient temperature, showing that the equilibrium coverage was reached.

The gas phase CO concentration during temperature programmed desorption (TPD) was
recorded with a mass spectrometer (Pfeiffer QMS 200) on the same set-up as the AEIR experiment.
The adsorption of CO was performed with a 0.3%CO/He gas mixture during one hour at 50°C. A
helium flush was then applied to the catalyst during 1h at 50°C, followed by a heating ramp of

5°C.mint to gradually desorb CO, with pure helium. The total gas flow rate was kept to 12
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mL.min during the whole experiment. The mass spectrometer signals m/z=28 and 44 were

recorded (respectively of CO" and CO;" cations).

2.2.  First principles calculations

The Vienna Ab initio Simulation Package (VASP**%) was used for total energy and frequency
calculations. A plane-wave basis set and the Projector-Augmented Wave (PAW)® method were
employed. In a standard approach, the GGA-Perdew-Burke-Ernzerhof exchange correlation
functional®® was mainly used. We also performed some calculations using the RPBE,® PBE-
dDsC,%® and optPBE®* functionals, to assess the effect of the level of theory. The cut-off energy
was set to 400 eV for the plane-wave basis set and closed-shell calculations were performed. For
the simulation of supported clusters, a gaussian smearing of 0.02 eV was used. The electronic
optimizations were done up to a convergence of 1078 eV for the self-consistent loop, and the force
minimum threshold for geometry optimization was settled to 0.02 eV/A. A dipolar correction was
put in the direction perpendicular to the slab. Bader charges®5-%¢ were calculated at the PBE level
of theory.

The model of the alumina supported platinum catalyst is composed of a 13-platinum atoms
cluster on a dehydrated y-Al,O3 (100) surface.®” The diameter of the metallic particle in this model
is close to 0.9 nm, in reasonable agreement with the experimental system considered in the present
study. The y-Al>03(100) dehydrated surfacemodel was originally established in previous studies
68-70 and already provided important insights into the chemistry of the system,10:435667.71-74 The two
platinum-layers Pty3 structure used in this work was found as the most stable on the (100) alumina
surface.%’

The cell parameters (16.71 x 16.79 x 30 A3) were chosen in order to avoid lateral interactions
between periodic cluster images. Periodic slabs consist of four alumina layers (about 6 A

thickness) separated by a vacuum slab (about 24 A thickness) corresponding to more than two
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equivalent empty layers. Calculations were performed at the I' point. We have checked that this
gives energies converged up to 4.10° eV with respect to denser K-points grids. The two topmost
alumina layers were relaxed, as well as platinum and adsorbate atoms, whereas the two other ones
were frozen.

Non supported Pti3 clusters were also considered (Figure S1). The ideal Pt(111) surface was also
used (Figure S2) as a reference, with five platinum layers. The dimensions of the (2x2) supercell
are 8.47 x 8.47 x 29.2 A3, corresponding to a vacuum slab of 20 A. The K-points grid was set to
oXx5x1.

The adsorption energies of carbon monoxide were calculated per CO molecule, according to

equation 1. The energy of CO, Eco, was calculated by placing one molecule into a 15 x 15 x 15

A3 cell.

Eadsorptionco = %(EPtﬂ(CO)m — Ept,, — mEco) (Equation 1)

where m is the number of CO adsorbed per cell on Pti3, and E; are the electronic energies of the
corresponding systems. m describes the following values: 1, 2, 3, 6, 9, 12, 15, 18, 21 and 24 and
it corresponds to the number of carbon monoxide molecules adsorbed on the Pti3 cluster. Energies
presented in this work are displayed in kcal.mol™ and are computed negatively when the reaction
is exothermic.

For more than one carbon monoxide adsorbed, four geometries were optimized. The most stable
structure out of the four investigated in this first step was submitted to velocity-scaled molecular
dynamics (MD), which proved to yield relevant results for Hz, > O, % and hydrocarbon'®
adsorptions. MD was performed with the PBE functional, at 127 °C with a time-step of 4
femtoseconds over 1200 steps, while the Pty3 cluster and the CO molecules were allowed to move
only (the whole alumina support being frozen). In the course of the dynamics, very significant
geometry changes were observed (Figure S3), even more than was observed for other adsorbates,

such as hydrogen " or oxygen, °® making us confident that we have been exploring a significant
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portion of the phase space. As shown in Figure S3, the average potential energy is reaching a
plateau in most of our simulations characterizing that a relevant stable configuration is found. The
three most stable geometries obtained during the MD run were then chosen to be quenched by OK

geometry optimization (following the same calculation parameters as previously detailed).

The interaction energy between the alumina surface and the platinum cluster was calculated
according to equation 2 using single point (*) calculations corresponding to fragments of the whole

Pt13(CO)m/y-Al203 systems.

Einteraction = (Epty3(cOym/y-A1205 — Eptia(cory, — Ey—at,0,) (Equation 2)

The phase diagram was built upon consideration of the most stable quenched geometries after
MD. Vibrational contributions of the enthalpy and entropy were determined by harmonic
frequency analysis, at the PBE level of theory. This was performed with a displacement of +0.01
A in each direction for all relaxed atoms in the cell. The Hessian matrix was then calculated by the
finite difference method. The entropy of this condensed phase was assumed to be equal to its
vibrational part neglecting rotational and translational degrees of freedom. The calculation of the
free energy for each system was done similar as explained in ref. *. The different coverage
domains represented on the thermodynamic diagrams reflects the minimum free energy among all
coverages investigated. Notably, phase diagrams may also be constructed thanks to the use of
alternative methods, such as Grand Canonical Monte Carlo,”® a method that we did not explore
here. The calculated adsorption enthalpies were also performed and compared to experimental
heats of adsorption in the 30-500°C range.

To compare modelled and real adsorption frequencies, we computed wavelength shifts (vshif,
equation 3), assuming anharmonic contributions do not differ between the gas state and the
adsorbed state. Thus, simulated wavelength of vibration for adsorbed CO (Vadsorbed) IS Substracted

to simulated wavelength of free CO (vgas). The same was done for experimental frequencies. We



did not apply scaling constants for the computed frequencies since we focus on frequency shift

with respect to gas phase:

Vshift = Vadsorbed — Vgas (Equation 3)

2.3.  Kinetic model

The Chemkin Pro ® software was used to simulate TPD experiments starting from adsorption
data determined by DFT. A perfectly stirred reactor was modeled. The diffusion of gas species to
the surface was not considered. The rate constants were established for both reaction directions
and the temperature was settled by a temporal law simulating TPD experiments ramp.

Since the Pt13(CO)m structures were investigated by varying m three-by-three, the first principles
thermodynamic data were interpolated by piecewise linear patterns. The modeled mechanisms
were based on molecular CO barrierless adsorption reactions following equation 4. Each direct or
reverse reaction is considered up to 24 CO molecules per Pty3 cluster. The elemental site is one
Pt13 particle with its global energetics.

Pt13(C0O)p, + CO 2 Pt13(CO) st (Equation 4)

The rate constants of molecular adsorption reactions were computed using a sticking coefficient
s (set at 1072), as detailed in equation 5, with I;,, (10" cm) the number of free sites, a the reaction
order (here, 1), and Mco, the molar mass of the CO molecule.

N RT
kadsorption = a
Ttot

(Equation 5)

2nMco

For the reverse reaction, thermo-consistency is guaranteed by equation 6, where 4, Hgesorption
and A,Sgesorpion Stand respectively for the differential enthalpy and entropy of desorption,
determined by first principles simulations between two consecutive Pt13(CO)m+1 and Pt13(CO)m
structures. In order to evaluate the kinetic parameter over the TPD temperature range,

thermochemical parameters obtained from theoretical calculations were used to evaluate the
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kinetic constant at discrete temperatures. An unconstrained nonlinear optimization was the
performed using MATLAB to extract both pre-exponential factors and activation energies

assuming a temperature exponent of 0.5.

_ Aeresorption_TArSdesorption f Egqct
kdesorption - kadsorption X exp (_ RT ~ A XVT X exp\— RT

(Equation 6)
Concerning the temperature, no deviation from the setpoint was observed in our experiments,

implying that endothermic effects due to desorption are not significant.

3. First principles simulation of carbon monoxide adsorption

3.1. Adsorption of a single carbon monoxide molecule

On the supported Pty3 cluster, all typical adsorption sites (top, bridge and hollow sites) were set
as initial guesses. Only one optimized configuration directly involves the alumina support
(adsorption energy of -70 kcal.mol™) through one AI-O bond (Figure 2-a). It appears to be the

most stable adsorption mode found at this CO coverage.

= -1 — -
E adsorption co = ~63 kcal.mol Exgsorption co = -61 keal.mol 1

= -1 — -
Eadsorption co = 54 kcal.mol Eadsorption co = -48 kcal.mol
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Figure 2. Sides views of the modes found for the adsorption of a single carbon monoxide molecule on
Ptia/y-Al,03(100) (geometries optimized with the PBE functional, adsorption energies obtained with PBE
are also reported). The a) most strongly adsorbed configuration (implying alumina) and b) top, ¢) bridge
and d) hollow typical sites. Red: Oxygen, Purple: Aluminum, Grey: Carbon, Blue: Platinum.

Adsorption energy of CO for the most stable modes are displayed in Figure 3. Using PBE
functional, the hollow site is the least stable one, compared to bridge and top sites. With the PBE
dDsC, RPBE and optPBE functionals, the least stable site is the bridge site. The most stable mode
, bridge sites plus interfacial Al-O bond (Figure 2-a), competes with a top adsorption mode (Figure
2-b). The comparison with extended surfaces is not straightforward due to the CO puzzle
documented for Pt(111) (see introduction) and the direct or indirect role of the alumina support.
The preference of the cluster for the top sites with respect to hollow sites shows that this system
escapes the CO puzzle. We performed a PBE calculation on Pt(111) at 0.25ML CO coverage
(Figure S2a). It exhibits an adsorption energy (-38 kcal.molt) similar to the one reported by
Dupont et al. ® Thus, the CO adsorption energy on supported platinum cluster (-63 kcal.mol™?) is
stronger than on Pt(111) top site. Considering Ptss and Ptss non-supported particles,>® a significant
energy gap also appears against extended surfaces, while these clusters behave similarly to the
alumina supported Pty3 from an energetic point of viewA non-supported Pt2o1 cluster shows weaker

interaction with CO at its edge and corner (RPBE).*
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Figure 3. Adsorption energies of a single CO molecule on the supported Pti3 cluster (most stable adsorption
configuration found for each mode), on the Pt(111) surface and on various non supported clusters from the
literature. *: Johnston et al. *° (PBE), &: Allian et al. *° (RPBE), #: Dupont et al. ”® (PBE), §: Schimka et al.
3T (RPA).

3.2. Adsorption of CO at higher coverages

The adsorption of more than one CO was undertaken on the Pt1z/y-Al.0z model by MD to identify
stable configurations (Figure S3). The Pti3(CO)m/y-Al2O3 structures are displayed in Figure S4
with a number of CO (m) of 2, 3 and three by three up to 24. The sole adsorption mode found
below 6 CO molecules is the top one with a 0 — C — Pt angle close to 180°. The bridge sites
appear to be occupied from Pt13(CO)q/y-Al203 which is concomitant to the uplift of the platinum

cluster. Figure 4-b displays the average distance between Pt atoms and the support (including
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minimal and maximal distances). From 1 to 6 CO molecules, the average distances remain close
to 0.3 nm, while the shortest and largest Pt-support distances do not strongly vary. Pt structures
with 9 and 12 CO molecules exhibit similar minimal Pt-support distances as for the low coverage
structures, while their average and maxima are increased by about 30%. This is typical of an uplift
of the cluster as some platinum atoms are pushed upwards by the CO ligand while some Pt atoms
are still hooked to the support.

This result is in line with EXAFS observations according to which the disorder increases with
increasing amounts of adsorbed CO’’ (at variance with Ho, that leads to a decrease of the disorder
thanks to a reconstruction into a cuboctahedron ’*74). The average Pt-Pt distances and coordination
numbers are displayed in Figure 4-c. The Pt-Pt distance strongly increases with the CO coverage,
in line with a kind of a disaggregation of the cluster, a manifestation of its ductility in the presence
of strongly interacting adsorbates. However, the reconstruction into a distorded cuboctahedron is
favored for intermediate coverages of CO (12 and 15 molecules), whereas for higher coverages
the structures is more strongly disaggregated. The 2.75-2.76 A Pt-Pt distance measured
experimentally fits well with the values obtained for 12 and 15 CO molecules per cluster. 7""® This
is accompanied by a complex evolution of the Pt-Pt coordination number. Three regimes can be
described in terms of evolution of the number of undercoordinated sites: i) a first regime at low
coverage (m < 5) where the coordination number of platinum slightly decreases down to 3.4, ii) a
second one (m < 15) where it significantly increases up to 5.1 (for the distorted cuboctahedron),
iii) a third one above m = 15 where it strongly decreases down to 3.4. This is a less monotonous
trend than the one observed on extended surfacest®® and on larger supported platinum particles,®*
8 where the under-coordinated site population continuously increases as the CO coverage
increases. Actually, the cluster behaves similarly as the large particle only in the third regime. This
is due to the fact that the cluster with m=15, recovers a distorted cuboctahedron morphology which

is rather compact (high CN), close to the case of larger particles, and only at higher CO-coverage,
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the cluster exhibits undercoordinated sites upon strong structural disaggregation. This non-
monotonous behavior results from the enhanced ductility of the subnanometric clusters, that
already exhibit under-coordinated sites in the absence of CO. In particular, for intermediate CO
coverage (regime 2), CO induces an unexpected enhancement of the Pt-Pt CN, which cannot be

observed for large Pt particles or ideal surfaces.

For the Pt13(CO)1s/y-Al2Ogz structure, the minimal Pt-support distances are at least doubled. For
more than 12 CO adsorbed, Pt13(CO)m/y-Al203 displays adsorption modes with interfacial CO
linked to the alumina surface (Figures S4 and S5). These interfacial species consist in four CO
molecules, at 50% in the form of dimers (OC-CO, with a C-C bond) and common top/bridge modes
for the remaining 50%. Notably, the simulation of non-supported Pt13(CO)m clusters (Figure S1)
reveals that the stability of the supported cluster is more stable than the isolated clusters plus

separated support.
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Figure 4. a) Determination of the distance of platinum atoms from the support and b) average distance
between the support and the 13 platinum atoms of the cluster as a function of the number of CO molecules
adsorbed per cluster. The bars correspond to minima and maxima values. ¢) Evolution of the average Pt-Pt
distance and coordination number, for a Pt-Pt cutoff distance of 3 A. Values obtained with the PBE
functional.

This result is further confirmed by the interaction energy between the cluster and the support
(Figure 5a) which is still favourable to the cluster hooking. A completely different trend happened

for the cluster covered by oxygen,®® where a strengthening of this interaction with increasing
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oxygen coverage is observed. The present result is more comparable to the one obtained for the
Ha/Pti3/y-Al.O3, H atoms leading to a disconnection of the particle from the support.’™
Nevertheless the adsorption modes and cluster morphology significantly differ from the one

modelled upon CO adsorption.

a) b)
0 or o
50 A >

c N > -10 1
S 100 } °§~°/ oo’ TN 5 ° o @& Pty ly-Al,0,
g , S ° (present work)
ST s/ S a2t} o (a1

() A <) Pt(111):
- R DAL _ o a
EE -0 22 4 le® &° o Ref. *
s = 25 -30 fesd
£8 250 | % g AAAA 0 Ref. *
£ = 300 f SFA0Ta AD ¢ ORef. &
< D = &
T2 350 [ [ optyCO), = 50 o e ¢ 4 Pr(100)
S5 o SRR Pt(331)
% -400 | Pt;30nm 3 o
z @ I O Pt(211) *
O 40} Pt3On.nem 9 60 [y

R —— 70 - - ’
3 6 9 12 15 18 21 24 27 30 0.5 1 15

Number of CO molecules or O atoms

CO coverage (ML)

Figure 5. a) Electronic interactions between the alumina and the cluster in presence of oxygen®® (TL: two-
layer cluster, HEM: hemispherical cluster) and CO (present work, PBE functional). b) Mean adsorption
energy of CO according to the carbon monoxide coverage for Pt;3(CO)m and Pt(111) structures, with the
PBE functional. One monolayer in the present work corresponds to Pti3(CO)1 structure, as 12 platinum
atoms are initially exposed at the cluster surface. The work of “Allian et al.** (RPBE) and coworkers, *Shan
et al.® (RPBE), ‘Orita and Inada® (PBE) for stepped surfaces and #Sumaria et al.*’ (PBE with a correction
using the CO singlet-triplet gap), are also reported

As shown in Figure 5b, the average adsorption energy, increases almost linearly as a function of
CO coverage for highly dispersed platinum cluster, highlighting almost constant repulsion between
CO molecules. The works of Allian et al.*> and Shan et al. 8 on Pt(111) (RPBE) revealed
completely different values of adsorption energies, weaker by at least 50%. The values for stepped
Pt(331) and Pt(211) surfaces® are quite similar to the ones on supported clusters at low CO
coverages.

The effect of the functional was evaluated by comparing the adsorption enthalpy using the
PBE, RPBE, PBE-dDsC or opt-PBE functionals (Figure 6). Consistent with the observation of
Hammer et al. on various metallic surfaces,®? the CO adsorption enthalpy is lowered (in absolute

value) with RPBE with respect to PBE. The reverse trend is most of the time observed for the
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PBE-dDsC functional, also in agreement with previous calculations dealing with Pt(111).%" Opt-

PBE predicts adsorption enthalpies higher or lower than PBE, depending on the coverage, which

suggests a coverage dependent nature (attractive versus repulsive) of dispersion interactions. The

relevance of these computed values will be further discussed in section 5.1., upon comparison with

AIER experimental results.
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Figure 6. Evolution of the incremental adsorption enthalpy of CO with respect to the exchange-correlation
functional. The lines depict the interval of adsorption enthalpies in the 30-500°C range.

Thermodynamic diagrams were then built to elucidate the dependence of the coverage on

temperature and CO partial pressure. The diagram computed with the PBE functional energies and

frequencies is shown in Figure 7, whereas the diagrams obtained with the three other functionals

are reported in Figure S6. With all functionals, a wide domain corresponds to the clean Pti3

supported clusters, starting at 400°C for Pco = 10*bar. CO coverage increases gradually up to the

most covered Pt13(CO)2s structure. As expected, the functionals accounting for the dispersion
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interactions (Figure S6) shift the desorption frontiers to higher temperatures and lower CO partial
pressures.

In the experimental literature, chemisorption data usually consist in the measurement of
adsorption isotherms after reduction of the sample, leading to an estimation of the total amount of
adsorbed CO. Then, the samples are evacuated, and a second isotherm is recorded, assumed to
correspond to weakly adsorbed CO. The difference is supposed to correspond to “strongly
adsorbed” CO. Following the procedure proposed by Singh et al.,>* where adsorption isotherms
are recorded at 30°C, using PBE and RPBE functionals, we predict a saturation at 12 CO per
cluster, and a remaining coverage of 9 CO per cluster upon evacuation (taking the two extreme
CO pressures on the diagrams, 10 and 107° bar respectively). This means that the CO/Pt total
ratio is equal to 1 (dividing by 12 accessible Pt atoms) whereas the “strongly adsorbed” carbon
monoxide molecules correspond to CO/Pt = 0.75. The trend is well reproduced with respect to
experiments (total and “strong” CO/Pt equal to 0.86 and 0.70 respectively), although the total
amount of CO is slightly overestimated. This overestimation is possibly due to i) competition
between strongly adsorbed H (still present after in situ reduction and evacuation’®) and CO, ii) to
the three by three increments used in our simulations. Note that considering the PBE-dDsC and
opt-PBE results (Figure S6) induces a larger overestimation of the saturation coverage (24 and 21
CO molecules at saturation, meaning CO/Pt = 2 and 1.75, at Pco = 107 bar), suggesting that these
functionals are not well suited for the simulation of CO/Ptys/y-Al203 systems.

A comparison can be done with the STM study of CO adsorption at high coverage on Pt(111)
conducted by Longwitz et al. 3. The measurements were performed at room temperature in a 10°
to 10° Torr range (~1012 — 1 bar) of CO partial pressure. The extreme operating points displayed
respectively 0.50 and 0.70 monolayer coverage, linearly increasing on the logarithmic pressure

range. In these conditions, the Ptis model exhibits respectively 0.75 to 1 ML, with a transition

18



close to 10 bar. This illustrates the much higher affinity of CO for the subnanometric supported

particles with respect to Pt(111).
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Figure 7. Phase diagram of supported Pt;3(CO)m structures according to temperature and partial pressure
of CO, obtained with the PBE functional. The structures of the systems exhibiting a significant stability
domain are also depicted (side views).

Finally, Bader charges of the cluster elements have been determined (Figure S7). No significant
charge transfer between adsorbed CO to platinum is highlighted with increasing coverage, except
for Pt13(CO)1 where the oxygen atom of CO is also connected to the support. The carbon charge
is lower than the one for the isolated CO molecule, while the oxygen atom follows the opposite
trend. This suggests that electrons are delocalized from O to C when CO adsorption on Pt occurs.

Regarding the total charge of the adsorbed CO, a slight charge transfer from the platinum to CO
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happens, because of the differences between donation and back-donation effects. Indeed, the
average charge of platinum atoms becomes slightly positive (whereas it is slightly negative without
CO). This can also be correlated to the preferred top site (versus bridge sites). This phenomenon
contrasts with the case of Hz adsorption where the Pt cluster evolves from a negative to a positive

charge at high H coverages, associated to the hydride character of H atoms.”*

4, Determination of experimental CO vibration frequencies

and heats of adsorption

4.1. IR spectra of adsorbed CO species

To experimentally evaluate the reactivity of a highly dispersed platinum catalyst supported on
alumina, the determination of CO vibration frequencies and heats of adsorption (corresponding to
the adsorption enthalpy) by the AEIR method have been performed. In the corresponding
experimental literature, the naming of the adsorption mode is usually different from the one used
so far in the present work, which is clarified in Figure 1.

The infrared spectra of the 1% wt Pt/Al>Os material reduced in situ and put in contact with 0.3%
CO/He gas flow at 25°C is displayed in Figure 8-a. The most intense band is observed at 2068 cm"
! that corresponds to linearly adsorbed (L, equivalent to top sites) carbon monoxide.?* In addition,
two other bands are noticed at 1882 and 1832 cm attributed to multi-bounded (either bridge (B)
or threefold (3FC)) CO species. According to the deconvolution shown in Figure 8-a, the peak
assigned to linear carbonyls is composed of four bands at 2090, 2065, 2050 and 2020 cm™. Prior
works identified 2070 cm™ as adsorption on Pt steps and 2090 cm™ on terraces.*°

Infrared bands obtained for multibonded CO®! lie at 1885 cm™ and 1825 cm™. Bourane et al.

demonstrated that increasing catalyst mass allows the decomposition this region into three
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contributions with an additional band at 1800 cm™.24%! Notably, the weaker intensity of the IR
band concerning the multibonded species compared to the linear species does not imply a lower
amount of this species. Indeed the extinction absorption coefficient (¢) is different for the linear

and B/3FC CO species.?®
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Figure 8. Adsorption Infrared Equilibrium spectrum (a) after CO adsorption at 25°C, together with the
results of the spectral deconvolution, the modelled spectrum is the sum of all deconvoluted components,
(b) after adsorption at various temperatures, (c) evolution of the coverage of linear and bridged CO species:
comparison between experimental data (symbols) and theoretical curves (lines, Temkin adsorption model).
By convention, the maximal coverage is referenced to one.

The experiment was reproduced at various temperatures (Figure 8b). The bands previously
observed are shifting and their intensity changes with temperature. Considering linear species, a
continuous and slow decrease of the band intensity with increasing the temperature of adsorption
is observed up to 500° C. This indicates a drop of concentration of linear CO species at the catalyst
surface. A slightly different behaviour is noticed for the multibonded coordinated species, which
coverage rapidly reaches zero at 290°C. The observation is in accord with the work performed by
Bourane et al.?* A shift of the bands toward lower wavenumbers with increasing temperature is
also visible, which can be related to the same effect observed on extended surfaces as a
consequence of the decrease of the CO coverage. % This may also be due to the decrease of the

relative intensity of the nearby 2065 cm™ band.

4.2. Heat of adsorption of the linear and bridged CO species

To determine the heat of adsorption of the adsorbed CO species, the AEIR method (Adsorption
Equilibrium Infrared spectroscopy method) was used.?8-2%% This methodology is set with isobaric
condition. The model assumes that the heat of adsorption decreases (in absolute value) linearly
with increasing coverage. This methodology is decomposed in two steps. The first one corresponds
to the determination of CO coverage (0) for each species and at several temperatures. For the
coverage determination, it is assumed that the intensity of the IR band is proportional to the
concentration of this species and that temperature has no impact on the intensity. This hypothesis
is considered to be acceptable, considering the good agreement of the experimental data with an

adsorption model considering a linear decrease in the heat of adsorption with the coverage and
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immobile adsorbed species. Thereby, the ratio between the intensity of the IR band at the
temperature Ta divided by the intensity at the site saturation corresponds to the given coverage

(equation 7).

IR band intensity at T,

6(T,) = (Equation 7)

IR band intensity at the saturation of the sites

The experimental coverages are reported in Figure 8c. The second step is the determination of the
heat of adsorption for each species. According to the AEIR methodology, the comparison between
the experimental data and the theoretical curve is performed with the generalised Temkin

adsorption model (equation 8).

6= —"la I (HK“’)P“) (Equation 8)

Eg-1—Eg-o 1+K(1)Pa

where K and K1) correspond to the adsorption equilibrium constants for the localized species at
zero and maximum coverage respectively. Eq—o and E ¢—1 are the heats of adsorption for their
respective CO coverage (a negative heat of adsorption corresponds to a favorable process in the
present work). The adsorption equilibrium constant, K, can be estimated thanks to statistical
thermodynamics and relates to the ratio of the rate constant of adsorption, and desorption of the

species studied (equation 9).

__m 1 Ea—Ea .
K= k(2n:mk)3/2 T:/z exp( RT, ) (Equatlon 9)

where h is the Planck’s constant, k the Boltzmann’s constant, m the molecular mass, Ta the
adsorption temperature, Eq and Ea corresponds to the activation energies of desorption and
adsorption respectively. To determine heats of adsorption at 0 and maximal coverage, a fit is
performed between merged equations 8 and 9 and experimental data, with E¢—o and E ¢ the

fitting parameters. The corresponding data and fitting models are reported in Figure 8-c. Related
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carbon monoxide heat of adsorption are gathered in Table 1. The evolution of the intensity of the

species at 1885 cm™ was too low to allow us any quantification.

Table 1. Heats of adsorption determined via the AEIR method on the catalyst for each deconvoluted
absorption band.

IR band
. Eo-o Eos1
Wavenumber Assignment (kcalmol) | (kcal.mol)
1835 cm™ Multibonded CO -20.3 -13.1
2030 cmt | CO(L) on Ptsub- 30.4 155
nanometric particles
2065 cm'? CO(L) on Pt steps -41.8 -14.6
2090 cm'? CO(L) on Pt terraces -37.5 -13.1

Heats of adsorption of linear adsorption modes (2030, 2065 and 2090 cm™) lie in the same range
of values with an Eg_ around -40 kcal.mol™* and -14 kcal.mol! at maximum coverage. These
values are quite higher (in absolute value, meaning stronger interactions) than in previous
works.?"?%93% This difference may be due to the smaller size of Pt cluster which explains the
stronger interaction with CO. Concerning the multibonded species, the heat of adsorption is lower

than the ones of linear species and is similar to the literature data.®*

5. Comparison of experimental and DFT data

5.1. At thermodynamic equilibrium

Experimental (AEIR) and computed (DFT) adsorption enthalpies are compared in Figure 9a on
the 30°C-500°C temperature range, corresponding to the investigated experimental conditions.
Considering the better agreement of our PBE and RPBE results with respect to chemisorption
experiments (section 3.2), we mainly discuss the computational results obtained with these two

functionals.
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Figure 9. Experimental (AEIR) and computed (DFT) for Pt13(CO)n and Pt(111): (a) CO adsorption
enthalpies (experimental range: from zero coverage to maximal coverage, computed range: from 30 to
500°C); (b) CO bond vibration wavenumber shift with respect to gas phase CO, computed with the PBE
exchange-correlation functional (experimental range accounts for the broadness of each deconvoluted
peak). The dotted frames correspond to the m values predicted by the thermodynamic analysis.

Computed adsorption enthalpies range from -70 kcal.mol™ to -20 kcal.mol* with PBE, versus -
70 kcal.mol to -10 kcal.mol* with RBPE. Although the computed adsorption enthalpies at low
coverage are far from experimental findings, the highest CO covered structures (m>15 with PBE,
m>3 with a few exceptions with RPBE, Figure 9) correspond to the experimental range, whatever
the experimental adsorption mode. Moreover, heats of adsorption calculated on Pt(111)1mL are
comprised between -30 and -25 kcal.mol*and do not match the experimental values. Considering
Pt(111)o.2s5mL, the heat of adsorption is in adequacy with low covered experimental data for the
linear vibration modes. The wider interval of coverage obtained by RPBE is more compatible with

the experiments. This suggests that this functional is the best compromise for the considered
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system. As the PBE-dDsC and opt-PBE functionals provide even more negative adsorption
enthalpies with respect to PBE, we confirm that these two functionals do not provide a satisfactory
description of the interaction of CO with supported platinum clusters, compared with our AEIR
experiments. Multibonded modes (bridge at most)appear mainly for Pt13(CO)m with m>12, with a
population from 30 to 50% (Figure S5). That shall explain the significant difference in adsorption
enthalpy with respect to lower coverages.

The comparison of experimental and computed CO vibration frequency shifts with respect to gas
phase CO is given in Figure 9b. Thermodynamically, at a CO pressure close to 10! bar such as the
one used experimentally, in the 0-500°C interval, RPBE calculations predict that the relevant
structures are supported Pt13(CO)m with 2 <m < 12 (Figure S6-a), thus we focus on this coverage
interval for the analysis of computed frequencies. m=15 was added in the series to analyze the
specific vibrations due to OC-CO dimers, that appear starting from m=15. Considering the
comparison between experimental linear modes and first principles top sites, all modelled
wavenumbers are in the experimental range considered, except the OC-CO dimers and CO-Al
species. According to our DFT calculations, the coupling of the various CO stretching modes is
high. For m = 12 for example, the highest frequency mode corresponds to the symmetric vibration
of all top sites (10 molecules). Thus, among the top site family for example, the relation between
a given surface site and a given frequency is not straightforward.

The vibration frequency of the molecules adsorbed at the top sites increases when increasing the
CO coverage (decreasing temperature), in agreement with our experiments. Moreover, the
CO/Pt(111) wavenumber shifts are smaller (in absolute value) than those of CO molecules
adsorbed on the supported clusters. This is in agreement with the experimental observation that
linear adsorbed CO vibrations is shifted towards lower wavenumbers with decreasing size
particle.?® This shift was evaluated at 19 cm™ over a dispersion range from 0.44 to 0.75, in

agreement with our computational data. Bridge adsorption sites exhibit significantly lower
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wavenumbers compared to top adsorption modes. CO molecules that are bridging only Pt atoms
lie in the experimentally observed range for multibonded species. They are much less numerous
than top sites, in agreement with the respective intensities of the signals. Bridge sites located close
to the support, inducing the formation of a CO—AI bond, appear even lower in frequency, where
not significant experimental detection takes place. These species are expected for m=1, 12 and 15,
suggesting that the coverage is more likely to be enclosed between m=1 and 12 or 15, or that their
corresponding extinction coefficients are too low to make their observation possible. OC-CO
dimers are also expected at shifts lower than -400 cm, suggesting that they are not formed in the
experimental conditions under investigation. This agrees with the fact that DFT predicts their
formation for m > 15 only, which is beyond that the saturation determined by DFT

thermodynamics at m = 12 in the present pressure and temperature conditions. Notably, from our

DFT analysis, we may not exclude m = 13 and 14 stoechiometries.

5.2. CO-TPD and micro-kinetic modelling

To go further in the comparison between DFT calculations and experimental findings, a
Temperature Programmed Desorption (TPD) experiment combined with micro-kinetic modelling
has been performed. The later is based on the results of the first principles calculations
corresponding to supported Pt13(CO)m results to determine the rate constant of desorption.

Experimental TPD (Figure 10-a) shows a 260°C desorption temperature range, from 70°C up to
330°C, with no thin distinct peak. A shoulder is visible at 70°C, followed by a steep increase of
CO release with a maximum of 500 ppm at 103°C. A local maximum is reached at 144°C discerned
from the first peak by a slight dip. Then a mild decrease begins up to 330°C. Notably, the
desorption is complete at a lower temperature with respect to the AEIR experiment (Figure 8),
which is expected considering the different atmospheres used during the thermal ramp (0.3%

CO/He for AEIR, pure helium flow for TPD).
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In the literature, extended surfaces show same experimental temperature ranges although a strong
dependence on the initial CO coverage is observed. Considering Pt(335) stepped surface?* and
Pt(321)?° with 0.660max initial CO coverage, CO desorbs on a wide range that covers the one of
this work. Starting from 0.170max, the temperature range lies from 150°C to 330°C, that
corresponds to the high temperature part of our CO-TPD. The Pt(111) surface exhibits lower
desorption temperatures,*® from 50°C to 280°C. This corresponds to the low temperature range of
our experiment, but this does not explain desorptions we observed at temperatures higher than
280°C. Also for similar coverages (0.5-0.66 ML), stepped surfaces®®?! as Pt(335) and Pt(321)
starts desorbing CO almost 100°C before Pt(111) surface, similarly as platinum particles. It should
be noted that temperature ramp rates used in ref. 162021 (10-15°C.s%) are significantly higher
compared to the present work (5°C.min). Thus, CO desorption end temperature could be
overestimated. Herz and McCready®° used a 55°C.min! heat speed on a 90% platinum dispersed

catalyst supported on alumina. The major desorption appears close to 100°C, similar to our work.
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Figure 10. (a) CO-TPD simulations using various exchange functionals (colored curves, right hand size y-
axis), and relative experimental intensity of CO (m/z=28, left hand size axis) during the CO-TPD on highly
dispersed 1 wt. % Pt/y-Al,O3 (black curve). (b) Mole fraction of each species from the simulation of the
TPD, starting with the PBE DFT data.

Figure 10-a displays the TPD simulated by micro-kinetic modelling (see Table S1 for reaction

parameters extracted from our first principles calculations). The modelling of the CO flow before
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TPD gives the Pt13(CO)12 and Pt13(CO)13 as the dominant species. Their respective proportions
depends on the functional, with the following Pt13(CO)12 : Pt13(CO)1sratio: 1:99 for PBE, 93:7 for
RPBE, 9:91 for PBE-dDsC, 15:85 for optPBE. A three peaks desorption is simulated. First, a large
and poorly intense peaks (or zone, depending on the functional) appears below 150°C. It
corresponds to the Pt13(CO)1213 to Pt13(CO)g transition. Then, the most intense peak appears at
170°C, independently of the functional, corresponding to the Pt13(CO)g to Pt13(CO)2 ensemble of
transitions. The high temperature peak (close to 280°C) corresponds to the desorption of the two
residual CO molecules from Pt13(CO)2. All functionals provide data that give rise to desorption
peaks located in the correct interval with respect to experiments, so that their accuracy cannot be
discriminated thanks to CO-TPD only. However, the computed desorption behavior is much too
discrete to account for the very broad experimental feature. Thus, the shape of the signal is not
reproduced. This may be explained by several origins. First, the real catalyst may not only be
represented by supported Ptis clusters, but a wider distribution of particle sizes contributes to the
broadening. Indeed, the particle size distribution reported in ref. > indicates that if a majority of
clusters are close to 1 nm in diameter, a few particles are bigger that the Ptiz model chosen here
(up to 1.75 nm), while others are smaller. Moreover, the presence of single platinum atoms, that
are shown to be present on similar samples thanks to high-resolution scanning electron
microscopy,® cannot be excluded. Also, the possible role of co-adsorbed water on the particle
itself (as suggested by experiments done on the Pt(111) surface®?) needs to be further investigated.
Moreover, in the present work, we only considered a single alumina facet, the dehydrated (100)
one. Other facets of the alumina support are likely to contribute to the stabilization of the clusters,
such as the (111) and (110) facets, that are likely to be hydroxylated in the operating conditions
investigated here.®%7%% These hydroxyls likely influence the cluster morphology®’ and the nature
of the adsorbed species on top of it.%” Finally, the edges of the alumina platelets may also play a

role on hydroxyl groups in presence, and on the stabilization of the platinum clusters.%>%® All these
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factors are likely to diversifiy the nature of the Pt sites and to enlarge the distribution of interaction
strengths with CO, thus to broaden the TPD profile. Moreover, our kinetic model assumes that the
sticking coefficient is kept fixed at 0.01. According to Pfniir and Menzel, * in the case of
CO/Ru(001), the sticking coefficient may vary as (1-0) for coverage smaller than 0.23 (m<3 in our
case) and then reaches values smaller than 0.01 for coverage greater than 0.55 (m>7). To test
whether this variation of the sticking coefficient as a function of the coverage has an impact or not,
we evaluated the TPD profile assuming an exponential decrease of the sticking coefficient, or a
linear decrease followed by exponential decrease. The impact appeared to be minor (Figure S8).
However, despite these limitations, our models provide a significant improvement in the
description of the CO desorption behavior of the ultra-dispersed catalyst investigated here, with
respect to the experimental knowledge obtained on Pt(111) surface, that lacks high temperature

contributions.

6. Conclusion

A multi-scale experimental and theoretical approach was applied to the investigation of carbon
monoxide adsorption on highly dispersed Pt/y-Al.O3 catalysts. Experimentally, AEIR and CO-
TPD methods provided information about the infra-red features, the adsorption enthalpies, and the
desorption temperatures of CO. First principles calculations on Pt13(CO)m/y-Al203z and Pt(111)
surface models combined with micro-kinetic modelling of CO desorption were used to provide the
same information as experimental approches. This dual approach provides unprecedented insight
in the structure, vibrational properties and relevant coverage domains for the CO/Pt/y-Al.O3
system. It also provides a methodological benchmark for relevant functionals to be used for the

accurate theoretical description of this system. In that respect, the computation of adsorption
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enthalpies compared to AEIR results, together with comparison with chemisorption results,
suggests that the RPBE functional leads to the most relevant results, followed by PBE.

According to our DFT calculations, the top sites are the preferred adsorption sites for CO for
highly dispersed Pt13(CO)m systems supported on alumina. The adsorption energies significantly
differ from the one obtained for Pt(111) flat surface, however corrugated Pt(331) and Pt(211)
surfaces are quite close to dispersed Pt13(CO)m data. Above one monolayer of adsorbed CO,
desaggregation and uplift of the cluster happen. At the highest CO coverage, no direct Pt-alumina
chemical interaction remains, and some adsorbed CO molecules intercalate between the alumina
support and the platinum cluster. The exchange-correlation functional has an impact on the
predicted adsorption enthalpies, as well as on the saturation coverage.

First principles calculations also confirm the IR assignement related to the various adsorption
modes (top and bridge sites), and demonstrate that a particle size effect exists, lowering the
frequency of linear adsorption at top sites with respect to extended Pt(111) surfaces. In the
experimental conditions sampled by AEIR, the coverage varies between 0.2 and 1 ML of CO,
considering the computed and experimental adsorption enthalpies, CO frequency shifts and
thermodynamic phase diagrams.

Finally, computations done on the Pt13(CO)m/y-Al2O3 structures allowed us to build a micro-
kinetic scheme to simulate CO-TPD experiments. Simulation agrees with experimental TPD, as
simulated peaks appear in the range of the experimental broad desorption. However, CO-TPD
reveals a much broader desorption behavior than that predicted by the sole Pti3(CO)m/y-Al2O3
models, opening perspectives for a more exhaustive simulation of the system in terms of particle

size and diversity of the support model, inter alia.
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