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ABSTRACT: Focusing on a highly dispersed 5 wt % Pt/Al,O; catalyst for
industrial hydrogenation and dehydrogenation reactions, we employ inelastic
neutron scattering (INS) spectroscopy to obtain the vibrational fingerprint of
the hydrogenous species formed under different H, equilibrium pressure and
temperature. The INS profiles are interpreted on the basis of systematic DFT
simulations on 26 different Pt,H,/y-Al,O; models, indicating that the INS
spectra are a unique fingerprint of the Pt,H /y-Al,O; model morphology, size
(x), H-coverage (y), and typology of Pt—H species. We fit the experimental
INS spectrum of Pt/Al,O; measured under higher H-coverage conditions with
a linear combination of the simulated spectra. We find that 47% of the
spectrum can be ascribed to PtssH,/y-ALO; clusters completely solvated by H Temperature

atoms (y = 81 and 91) and in weak interaction with the support, followed by

the disordered Pt;,Hq,/y-Al,O; model (36%) and by the smaller Pt;;H;,/7-AL, O one (18%). These results are in good agreement
with the particle size distribution previously determined by TEM and confirmed by XAS. A second INS spectrum collected under
lower H-coverage conditions exhibits the typical features of less hydrogenated Pt,H, models in stronger interaction with the y-AL,O5
support, as well as bands associated with the formation of —OH species at the support by H-spillover. Overall, our study reveals the
relevance of combined INS and DFT analysis to quantify the versatile atomic scale’s properties of Pt/AlL,O; catalyst in terms of
cluster morphology, size, typology of Pt—H species, and cluster/support interaction depending on the H-coverage, providing
important insights about their behavior under hydrogenation conditions.

H, equilibrium pressure
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1. INTRODUCTION ability of the material to deform without breaking) as a
function of reaction conditions such as the temperature and

Heterogeneous catalysts based on supported platinum nano- ) )
the H, partial pressure are accumulating over the years. The

particles are pivotal in the production process of many fine and

bulk chemicals, including the catalytical reforming of matter was largely addressed by means of density functional
gasoline,"” the hydrogenation and dehydrogenation of organic theory (DFT) simulations in refs 19 and 20, in which the most
substrates’~ or the oxidation of hydrocarbons and CO,*™"° stable structures for Pt;; nanoclusters on y-ALOj; surfaces
and also for their applications in fuel cells!’ or in the under different temperatures and equilibrium H, pressures
purification of exhaust gases.lz’13 The exceptional catalytic (P(H,).,) were investigated by means of ab initio molecular
activity of platinum for hydrogenation reactions relies on its dynamics. The simulations performed on dehydrated y-Al,O;
ability to activate and dissociate the H, molecule with the surface models'” indicated that high temperature and low
subsequent formation of surface platinum hydride species, P(H,).q favor a biplanar geometry strongly anchored to the
which are those involved in the hydrogenation of the substrate. support) while a decrease in the temperature and/or an
Although platinum has been employed in such catalytic increase of P(H,)., trigger a morphological reconstruction to a
processes since the onset of heterogeneous catalysis, many cuboctahedric Pt cluster which, eventually, get completely

features such as the nature of the Pt—H species, the Pt—H

stoichiometry,M_16 their behavior under reaction conditions,

the influence of the support, or the identification of the most

active species in a given reaction are not yet fully understood, '

stimulating further investigations, which are not only of Rec_elved: February 4, 2022

academic interest but also relevant for industrial applica- Revised:  March 19, 2022

tions. 718 Published: May 6, 2022
Experimental and theoretical evidence pointing out the

ductility of supported Pt nanoparticles (i.e., their tendency to

undergo a structural reconstruction, as a consequence of the

solvated by H atoms weakening the interaction with the
support. Concomitantly with the reconstruction from a
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Figure 1. (A) Schematic description of the catalyst activation procedure prior the INS measurements for experiments (1) and (2). (B)
Thermodynamic diagram displaying the most stable morphology and H-coverage for Pt3/y-Al,0;(100) models as a function of the temperature
and of the P(H,),,, as calculated in ref 19. Representative geometries for the biplanar (BP), reconstructing and cuboctahedric (CUB) geometries
are shown. Circles (1) and (2) indicate the temperature and P(Hz)eq at which H, was dosed during the first and second experiment. Adapted with

permission from ref 19. Copyright 2011 Wiley-VCH.

biplanar to a cuboctahedric structure, a conversion of top Pt—
H species (in which H is bonded to a single Pt atom) into
multifolded Pt—H species was also predicted. This inter-
conversion between top and multibridged Pt—H species and
the ductility of supported Pt nanoparticles in the presence of
H, was also pointed out by other computational studies on Pt,
nanoparticles (x up to 44) also considering isolated clusters or
other supports.”' ~*

Experimental evidence is also cumulating, with several
instances provided by Fourier Transform Infrared spectrosco-
py (FT-IR),”® X-ray absorption spectroscopy (XAS),”****’
transmission electron microscopy (TEM),” or H, temper-
ature-programmed desorption (H,-TPD).”” In this respect,
some of us have recently investigated the modifications
undergone by a Pt/Al,O; catalyst when varying the hydro-
genation conditions by simultaneous XAS-DRIFT-MS meas-
urements performed under operando conditions.”® When
reducing the H, concentration, a progressive modification of
the coordination number and of the Pt—Pt bond distances was
observed, indicating the occurrence of a structural change in
the Pt nanoparticles. Four different top Pt—H species were
detected at the Pt nanoparticles surface, whose amount initially
increased when reducing the H, concentration up to a
maximum, after which they completely disappeared. This
counterintuitive behavior was attributed to the conversion of
multifolded Pt—H species (not visible by IR techniques
because they are obscured by the intense vibrational modes of
the AL,O; support) into top ones (which instead are detected
by IR), as predicted by DFT calculations.

To access the complete vibrational spectrum of Pt—H
species, inelastic neutron scattering (INS) spectroscopy
coupled with advanced DFT simulations is mandatory.”*™**
This method is well-known for providing detailed information
about all the H-containing species in several classes of
samples™ in the form of vibrational spectra. This is possible
thanks to the lightweight and the high neutron scattering cross-
section of 'H nuclei, as well as to the absence of selection rules,
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which make INS particularly sensitive toward all the vibrational
modes involving H atoms. The potential of this coupled
approach was recently shown in the work of Parker et al.,**
who compared the INS spectrum of an unsupported Pty Hg,
tetradecahedron model with the experimental spectra of
hydrogen on Pt black and of a few Pt-based catalysts on
different supports and with different metal loading and particle
size. However, the effects of the support and of the Pt
nanoparticle size, shape, and the H-coverage were never
systematically investigated either computationally or exper-
imentally. In the present work, we systematically simulated the
INS spectra of a large pool of Pt,H,/y-Al,O; models (13« <
55), and we compared them with the experimental INS spectra
of a highly dispersed Pt/AL,O; catalyst under two markedly
different H-coverage conditions. We obtained a complete
description of the H)-induced dynamics of Al,O;-supported Pt
nanoparticles as a function of the temperature and of the
P(Hl)eq) pointing out details concerning the H atoms’
coordination mode, the Pt clusters morphology and size, as
well as the impact of the support.

2. EXPERIMENTAL AND METHODS

2.1. Sample Preparation. The 5 wt % Pt/Al,O; catalyst
was prepared by the Catalyst Division of Chimet S.p.A.
following a deposition—precipitation proprietary protocol
similar to that reported by Kaprielova et al.”> using a high
surface area transition alumina (SSA = 116 m’g™'; pore
volume = 0.41 cm’g™") as the support. After the Pt deposition,
the sample was water-washed and then dried at 120 °C
overnight. The same sample was the object of an extensive
experimental investigation in the past years as reported in ref
26. The catalyst is characterized by a high metal dispersion (D
= 63%) as determined by means of the H,/O, titration
method"® and confirmed by both TEM and XAS.”® The
analysis of TEM pictures over more than 700 particles
indicated a narrow size distribution corresponding to 1.4 +
0.4 nm.

https://doi.org/10.1021/acscatal.2c00606
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2.2. Inelastic Neutron Scattering (INS) Spectroscopy.
Two INS experiments were performed on the Pt/Al,O;
catalyst under different P(H,)., and temperature condi-
tions.>**” In the following, the two experiments will be labeled
as (1) and (2). Prior to both the INS measurements, the
sample was degassed in dynamic vacuum up to 10~ mbar in
order to remove physisorbed water, then reduced in H,
atmosphere, and finally further outgassed in order to remove
the water and the residual H atoms adsorbed on the Pt clusters
which may have been generated during the reduction step. The
effective removal of these residual Pt—H species was verified
by comparing the INS spectrum of the reduced Pt/Al,O,
catalyst with that of the bare Al,O; support after degassing at
393 K, as shown in Figure S1 in the Supporting Information.
The two INS spectra are almost identical, indicating that there
are no residual Pt—H species or, if present, they are below the
spectral sensitivity. The sample activation preceding the INS
measurements in the two experiments presented some
differences, as schematically shown in Figure la: for experi-
ment (1), both the outgassing and reduction steps were
performed at a temperature of 393 K. For experiment (2),
instead, the outgassing steps were performed at 573 K and the
reduction in H, at 393 K. In both cases, the sample outgassing
steps were performed at a significantly higher temperature than
the measurement temperature, in order to avoid any further
removal of the hydroxyl group at the surface of the alumina
during the measurement which, in turn, would result in
changes in the spectral features. All the subsequent sample
handling was performed inside a glovebox in order to prevent
any contamination with moisture and catalyst reoxidation.

Both experiments were performed on the IN1-Lagrange
instrument”® at the ILL in Grenoble, France, which allows
measuring energy transfer values up to 4000 cm™" (500 meV)
with an energy resolution of AE/E = 2%. All the spectra were
collected in the 90—2900 cm™ range of energy transfer by
using the Si311 and Cu220 monochromators. For both the
experiments, the sample was inserted into an aluminum cell
mounted on a gas injection stick and connected to a gas
injection device with calibrated volumes.

The two experiments were designed to investigate the
sample under different H-coverage conditions, higher for
experiment (1) than for experiment (2). Figure 1B locates the
two experiments in the P(H,).-T thermodynamic diagram,
which displays the expected most stable morphologies and H-
coverages for the case of Pt;3H,/y-AL,O;(100) system as
calculated in ref 19. The two chosen points in the diagram
correspond to very different DFT-predicted H-coverage levels
(Pt;3H,, for experiment (1) and Pt;3Hg ;5 for (2)) but also
different morphologies (cuboctahedric geometry for experi-
ment (1), and biplanar for (2))." It has to be noted that some
differences in the thermodynamic plot are expected when
passing from the Pt;;H, clusters to larger Pt,H, nanoparticles:
for instance, analogous simulations on Pt—H species over
extended Pt(111) and Pt(100) surface (representative of large
Pt particles) pointed out an easier removal of Pt—H species in
comparison with Pt13Hy.19 Considering this and the fact that
our catalyst exhibits a particle size distribution of 1.4 + 0.4 nm,
our analysis included models with larger sizes than Pt;;, as
explained in section 2.3.

Experiment (1) consisted in measuring the sample under
vacuum and at room temperature in the presence of a 160
mbar equilibrium pressure of H,, which was reached with
incremental H, doses. The measurements were performed at
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25 K with the use of a CCR (closed cycle refrigerator) cryostat.
Experiment (2) posed some additional challenges, since lower
P(H,)., and higher temperatures were required to be able to
access a significantly lower level of H coverage than in
experiment (1). In fact, keeping the same temperature as in
experiment (1) and simply decreasing P(H,)., would not have
been as effective in decreasing the H-coverage, as shown in
Figure 1B. Hence, for this experiment the sample was
measured under vacuum and in the presence of a smaller
amount of H, at a temperature of 450 K. The dosed H, was
almost completely adsorbed by the sample, making the residual
equilibrium pressure not detectable by our equipment.
However, the amount of H, was calculated by applying the
perfect gas law, being all the volumes known, and corresponds
to a H:Pt ratio of 0.76. Both the gas dosing and the
measurement were conducted at the same temperature of 450
K without removing the sample stick from the instrument. This
was possible thanks to a new heating insert setup inside the
CCR cryostat now available on the IN1-Lagrange instrument.
Previous test measurements on this same sample demonstrated
that measuring the INS spectra at temperature higher than 25
K (up to 573 K) does not cause a deterioration of the signal
but only a change in the background profile at low energy
transfer values that is due to the variation in the population of
the vibrational energy levels. To compare the spectra measured
during experiment (2) with those measured at cryogenic
temperature during experiment (1), the former were corrected
by the corresponding Bose—Einstein factor. Further details on
this procedure and the original uncorrected spectra are
reported in the Supporting Information, section S2.

2.3. Computational Details. The experimental INS
spectra were interpreted on the basis of DFT simulations on
Pt,H,/y-AL,O; model systems. All the structural and vibra-
tional simulations were performed with the VASP package,””*’
by employing the PBE functional”' and the projector
augmented wave (PAW) pseudopotentials,”” with a cutoff
energy of 400 eV and a convergence criterion for SCF cycles of
107 eV. The models consist in slabs of a dehydroxylated y-
Al,04(100) surface or of partially hydroxylated y-Al,0;(110)
surface (following refs 43—46), upon which PtH, nano-
particles at various H-coverages and for various sizes (x = 13,
34, 38, SS) were supported. The sizes chosen for these Pt
clusters correspond to the range of sizes measured by TEM
(14 £ 0.4 nm),” as shown in Table S2 in the Supporting
Information. Hereafter, we will use the shorted notation
PtxHy/y—A1203(100) and PtxHy/y—A1203(110) to refer to
models supported on the two different y-Al,O; surfaces,
without indicating explicitly the hydroxylation degree anymore.
Some complementary calculations have also been run on
hydrogenated Pt(111) and Pt(100) surfaces considering
previous analysis reported in'” and described in more detail
in section S7 in the Supporting Information.

The most stable structures of the Pt;3H, models at various
H-coverages on the two y-Al,O; surfaces were previously
obtained by means of velocity scale molecular dynamics
calculations followed by a quenching procedure as described in
refs 19,20, while the larger models were obtained in the present
work by static optimization because of computational cost.
Further computational details over the simulated models are
reported in section S3 of the Supporting Information. Overall,
26 INS spectra of PtH,/y-Al,0;(100) and PtH,/y-
Al,04(110) models were computed. For all the systems, the
geometry optimization and frequency calculations (finite
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differences, elongation +0.01 A) were performed, and finally
the obtained outputs were elaborated with the software
aCLIMAX" to simulate the corresponding INS spectra.
Considering the relatively low amount of Pt—H species in
the sample and on the basis of our previous experience,” we
only included the 0 — 1 transition in the calculated INS
spectra. For the analysis of the data in experiment (1) we also
performed a linear combination fit analysis: more details about
this procedure are described in the Supporting Information,
section S4.

3. RESULTS AND DISCUSSION

3.1. Experimental INS Spectra. The INS spectra of the
bare Pt/Al,O; catalyst activated following procedures (1) and
(2) are compared in Figure 2A. They are dominated by the

A

o0 —— Pt/ALO, treat 393 K
3 0.08 3 ——Pt/Al,0, treat 573 K
E L

0.03 —— Difference
s
v
<1 0.02 ,

0.01

250 500 750 1000 1250 1500 1750 2000 2250 2500
Energy Transfer (cm™)

Figure 2. Experimental INS spectra of the Pt/Al,O; catalyst activated
following procedures (1) and (2) (A) and their difference,
highlighting the spectral profile of the —OH groups at the alumina
support which are removed in the 393—573 K activation temperature
range (B).

signals relative to the H-containing species in the sample,
which are assigned exclusively to the —OH groups at the
alumina surface (since no residual Pt—H signals are expected,
as justified in section 2.2). More precisely, the very broad band
ranging between 200 and 1200 cm™' is attributed in the
literature to various bending and deformation modes of the
—OH groups at the AlL,O, surface.”” According to the
theoretical calculations performed in this work on the y-
Al,04(110) supported models, also the riding modes of Al,O4
i.e, vibrational modes of the Al,O; surface enhanced in
intensity by the presence of the bonded —OH groups)
contribute to this spectral range. All those vibrational modes
combine to a large extent, with the AL,O; riding modes
contributing mainly to low energy transfer values and the
deformation and bending modes of the surface —OH groups to
higher ones, but without a clear delimitation between them.
Since the —OH groups are progressively removed as the
treatment temperature increases,’”" " the difference between
the two spectra (Figure 2B) is straightforwardly assigned to the
surface hydroxyl groups loss between the temperature of 393
and 573 K during the sample activation.
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Figure 3A,C compare the INS spectra of the Pt/Al,O,
samples in vacuum and in the presence of H, following the
protocols described for experiment (1) and (2), respectively.
Following H, introduction, the spectra are still dominated by
the characteristic features of the hydroxyl species at the Al,O;
surface, but the difference spectra (Figure 3B,D) pointed out
the appearance of new bands which are attributed to the
formation of new hydrogenous species, including Pt—H species
at the surface of the Pt nanoparticles.”® The intensity of the
difference spectrum is greater for experiment (1) than for
experiment (2), as expected since the higher P(H,), and the
lower temperature favored the formation of a larger amount of
Pt—H species. The difference spectra obtained in the two cases
also exhibit clearly different spectral profiles, characterized in
experiment (1) by a main band centered at about 550 cm™
and other weaker bands in the 800—1550 cm™" range, and in
experiment (2) by a much broader signal centered at about
750 cm ™.

3.2. Theoretical INS Spectra. In order to precisely assign
the experimentally observed Pt—H vibrations, we systemati-
cally simulated the INS spectra of 26 different Pt,H,/y-AL,O4
models. To ease their interpretation, the spectral contributions
of top, 2-fold bridge, 3-fold hollow, and interfacial Pt—H
species were separated. Representative examples of each
typology of Pt—H species are illustrated in Figure 4A (also
displaying their typical Pt—H distances). On this basis, it was
possible to assign the vibrational modes involving each class of
Pt—H species to specific frequency ranges and to analyze the
spectral differences among the models, as summarized in
Figure 4B.

The contributions between 250 and 800 cm ™" correspond to
the bending modes of all the Pt—H species vibrating together.
These modes are strongly coupled, and only for the highest
symmetry models (Pt;3Hy, 34 or PtgHg,) is it possible to
partially distinguish between the bending modes of top Pt—H
species (spanning over the 500—580 cm™" range) and of bridge
species (covering the $530—710 cm™ interval). The energy
transfer range 800—1600 cm™ is dominated by the stretching
modes of the multifolded Pt—H species. The v(Pt—H) of 3-
fold hollow species is observed in the 850—1300 cm™ range,
while the asymmetric and symmetric stretching modes of 2-
fold bridged species fall in the 800—1200 cm™' and 1200—
1600 cm™" ranges, respectively. Finally, the v(Pt—H) mode of
top species contributes within the 2050—2380 cm™ range.

For bridge Pt—H species, larger asymmetry in bond lengths
corresponds to v(Pt—H) modes spread over a larger interval of
frequencies. In most cases, very asymmetric Pt—H bond
lengths were observed when the Pt atom is directly bonded to
the support. These Pt—H species exhibit Pt—H—Pt bond
lengths which pose them in an intermediate position between
pure bridge and top species and, for this reason, they were
labeled as top-bridge species (see Figure 4A, right as an
example). These species exhibit stretching modes within the
1600—1800 cm™" interval, the more asymmetric the bond, the
higher the stretching frequency. Top sites facing the support
can also exhibit a peculiar elongation of the Pt—H bond, often
above 1.60 A instead of the usual 1.57—1.58 A value (Figure
4A, central), which corresponds to a shift of the stretching
mode at a frequency lower than 2000 cm™. These interfacial
Pt—H species are favored in close proximity to low-
coordinated pentahedral AI** sites at the support surface,
with H—Al distances of about 2 A. For both interfacial top and
top-bridge Pt—H species, the effect of the support is stronger
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Figure 3. (A) experimental INS spectra of Pt/Al,O; activated according to procedure (1) and of the same sample after dosing H, up to a P(Hz)eq =
160 mbar at room temperature. (B) Difference between the two spectra shown in panel A. (C) Experimental INS spectra of Pt/AL,O; activated
according to procedure (2) and of the same sample after dosing a low amount of H, (resulting in a negligible residual pressure and to a H:Pt ratio
of 0.76) at a temperature of 450 K. Both the spectra have been corrected for the temperature effect. (D) Difference between the two spectra shown
in panel C. In panels B and D, the subtraction was performed over S-points rebinned spectra in order to reduce the error bars.

when the Pt nanoparticles are placed on the completely
dehydroxylated y-Al,0;(100) surface than on the partially
hydroxylated 7-Al,05(110). More detailed examples of the
spectral features of top-bridge and interfacial top Pt—H
species, together with the values for the Pt—H and H—Al
distances involved, are shown in section SS in the Supporting
Information.

A selection of the simulated INS spectra is shown in Figure
S, while the others are shown in the Supporting Information,
section S6. The effects of increasing the Pt nanoparticles’ size
(from left to right) and of the H-coverage (from top to
bottom) are highlighted. In all the cases, the simulated spectra
have been also decomposed into the contributions of top, 2-
fold bridge, and 3-fold hollow Pt—H species. All the vibrational
modes are highly collective, meaning that each of them
simultaneously involves several Pt—H species over the whole
nanoparticle. This makes the final simulated spectra a unique
fingerprint depending on the model shape, size, total H-
coverage and typology of Pt—H species formed at the surface
of the Pt nanoparticles. In addition, the absolute intensity of
the INS spectra is able to provide information about the
amount of H present in the model, as the integrated area of the
spectra linearly scales with the H-content (analogously to what
was pointed out in the past on other classes of samples).>!

The effect of increasing the H-coverage and of the
consequent morphological reconstruction'” on the INS spectra
of Pt;3H /y-Al,05(100) models can be observed in Figure
SA—C. The first model (Figure SA) consists in a biplanar
structure in strong interaction with the support and featuring a
comparable number of bridge and top Pt—H species. Its INS
spectrum is dominated by a very broad group of bands
corresponding to the §(Pt—H) modes, with a maximum at
about 400 cm™". As a consequence of the irregular shape of the
model and of the variable lengths of the Pt—H bonds, the
frequencies of the v(Pt—H) are very spread over a large
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interval of frequencies. The effect of the support on the
interfacial Pt—H species is highlighted by the presence of
bands in the 1800—2000 cm™ range, as commented above.
The simulated spectrum drastically changes when the
reconstruction to a cuboctahedral structure is initiated
(Pt;3H,, in Figure SB), both as a consequence of the
morphological modification and of the conversion of top
Pt—H species into bridge ones, resulting in bands spanning
over much narrower frequency intervals (500—800 cm™ for
the §(Pt—H) modes and 800—1600 cm™ for the v(Pt—H)
ones). Similar features are retained for the completely
reconstructed model in cuboctahedral geometry (Figure SC),
where the main changes arise from the formation of new top
Pt—H species upon the complete H-solvation of the nano-
particle (contributing in the 2000—2250 cm™' range).
Analogous trends were observed for the Pt;;H,/y-ALO;(110)
models (Figure S8 in the Supporting Information), with the
most significant spectral differences arising from the lack of
top-bridge and interfacial top Pt—H features.

By moving from left to right in Figure S, it is instead possible
to evaluate the effect of the change in shape and size of the
hydrogenated Pt nanoparticle on the INS spectra. Model
Pty,H;, (Figure SD) features a quite irregular geometry,
resulting in a spectrum where the §(Pt—H) and the v(Pt—H)
bands of both bridge and top species span over a large
frequency interval. Only one and very asymmetrical hollow
Pt—H site is present. From PtygH,, onward, the considered
models are large enough to expose well-recognizable facets.
Indeed, model Pt;H,, (Figure SE) corresponds to a truncated
octahedron structure exposing quite large hexagonal Pt(111)
facets and smaller squared Pt(100) ones, while the PtyH,
models (Figure SF—H) were optimized starting from a
cuboctahedron structure exposing triangular Pt(111) facets
and squared Pt(100) ones. The exposed facets are shown more
clearly in Figure S7 in the Supporting Information. As bridge
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Figure 4. (A) Representative geometry of top (blue), 2-fold bridge (yellow), 3-fold hollow (green), and interfacial (lined pattern) Pt—H species.
The typical bond lengths for each of these Pt—H species are also reported. (B) Summary of the characteristic position of the INS signals for the
different types of Pt—H species in the simulated models. The general assignment into stretching and bending for top, bridge, hollow, and interfacial

Pt—H is also indicated.
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Figure S. Simulated INS spectra for a selection of PtxHy/y-AIZOZ,(lOO) models, featuring different sizes, morphologies, and H-coverages. The
shown models correspond to (A) Pt;3H;4 (B) Pti3Hy,, (C) Pty3Hyy, (D) Pty Hgy, (E) PtygHoy, (F) PtssHuy, (G) PtgsHgy, (H) PtgsHo,. The spectra
are decomposed into the contributions of top (blue), 2-fold bridge (orange) and 3-fold hollow (green) Pt—H species. The geometry of the models
corresponding to each spectrum are reported, together with their Pt,H, stoichiometry and the number of top, bridge, and hollow Pt—H species
present in the model in the form [top, bridge, hollow].

species are the most stable on the Pt(100) surface®® and fec
hollow ones are the most stable on the Pt(111) one,> the
number of bridge and hollow Pt—H species in the optimized
geometries vary greatly depending on the most exposed facets
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in the model. Top Pt—H species is preferentially located at the
edges and corners between the faces. The simulation of a
PtysHy; model with icosahedral shape was also attempted, but
its geometry collapsed onto a distorted cuboctahedron both in
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Figure 6. (A) Experimental INS difference spectrum containing the fingerprint of the Pt—H species formed at Pt/Al,O; at high H-coverage
compared with the best linear combination fit performed with the simulated spectra of Pt);Hj,, Pty Hgy, PtysHo,, PtysHg), and the two PtssH,
models on the dehydroxylated y-Al,05 (100) surface. (B) Models included in the fit and their weight in the final solution. (C) Corresponding

simulated Pt nanoparticles size distribution.

the preliminary optimization performed on the isolated
nanoparticle and on the one including the support, suggesting
that an icosahedral habit does not correspond to an energetic
minimum for small hydrogenated Pt nanoparticles. The
spectrum of the truncated octahedron PtysH,, model (Figure
SE) exhibits a large 5(Pt—H) band spanning over the 250—750
cm™' interval and a relatively narrow spectral region
corresponding to the v(Pt—H) of multifolded species between
1000 and 1500 cm™. The PtssH, models instead (Figure SF—
H), corresponding to larger cuboctahedral-based geometries,
exhibit spectra characterized by a progressive shift of the 5(Pt—
H) region from lower to higher frequencies as the H-coverage
increases, with the v(Pt—H) of multifolded species spanning
over the whole 800—1600 cm™ interval. In many respects, the
two groups of cuboctahedral models PtssH, and Pt;3H, show
similar spectral profiles, while the truncated octahedra PtysH,
result readily distinguishable. Also in this case, very symmetric
structures can be optimized only at the highest H-coverage
levels.

Finally, in addition to those Pt,H,/y-AL,O; models, the INS
spectra of bridged Pt—H species at the extended Pt(100)
surface and the top and hollow ones at the Pt(111) surface
were also simulated. The obtained spectra are shown and
commented in the Supporting Information, section S7.

Generalizing the observations summarized above, the
simulated INS spectra arise from the combination of multiple
factors, among which are the following: (i) the ratio between
top, bridge, and hollow Pt—H species; (ii) their relative
position; (iii) the shape of the model, (iv) its size, and (v) its
interaction with the support, in a way that makes each INS
spectrum the fingerprint of the corresponding model. It is
important to notice that the proposed assignments are in
generally good agreement with those proposed in the past not
only for INS spectra®”’' but also for other vibrational spectra
(such as FT-IR*® or EELS’?), as well as with other
computational simulations.”* However, most of the assign-
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ments in the literature were based on measurements on
extended Pt surfaces or simulations on isolated Pt clusters. In
this regard, our results provide a picture closer to the real
catalyst under H, atmosphere, since they also take into account
the modifications introduced by the support and the effects of
the size, shape, and H-coverage of the Pt nanoparticles.

3.3. Comparison between Experiments and Simu-
lations. 3.3.1. Higher H-Coverage Conditions. On the basis
of the information collected from the simulated INS spectra
presented in section 3.2, we proceeded with the interpretation
of the difference experimental INS spectrum containing the
fingerprint of the Pt—H species formed during experiment (1)
(Figure 3B). None of the models is able to completely describe
the experimental spectrum alone: indeed, Pt/Al,O; is
characterized by a more heterogeneous nature than any of
the considered models in terms of nanoparticles size, shape,
and interaction with the support. For this reason, a linear
combination fit analysis of the experimental spectrum with the
simulated ones was performed. In order to ensure the
robustness of the fit calculation, we had to limit the number
of simulated functions to be included, which were selected on
the basis of the best agreement with the experimental spectrum
to be fitted. Following the procedure explained in more detail
in section S4 in the Supporting Information, five models were
included: Pt;3H;,, Pty,Hs,, PtygHo,, PtosHg, and PtyHyg,, which
are in good agreement with the observed TEM sizes (as
explained in section S3 in the Supporting Information).
According to the linear combination fit analysis reported in
Figure 6, the following interpretations can be proposed:

(1) The main model contributing to the fit is the irregular
model Pt;,Hs, (accounting for 36%), followed by the
cuboctahedral based models Pt;\Hy, and Pt Hg, (30%
and 17%) and then by the smaller cuboctahedron
Pt,H,, (18%).
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(2) All the models included into the fit are characterized by
a H:Pt ratio larger than 1. However, the model with the
highest H-coverage (Pt;sH4 see Supporting Informa-
tion, Figure S6D) is characterized by remarkably
different spectral features, suggesting that the H-
coverage reached during this experiment was not the

highest possible.
(3)

In all the included models, the Pt nanoparticle shows a
weak interaction with the support, in particular the
cuboctahedral Pt;;H;, and Pt;sHy, models. The fit
highlights that both regular geometries (such as Pt;;Hs,
and Pt;;H,,) and less regular ones (such as Pt;sHy, and,
even more so, PtyH,) are needed to describe the
experimental spectrum. Among the regular shapes,
cuboctahedra such as Pt;3;H, and PtssH, models are
favored over the PtyH, truncated octahedron, whose

occurrence according to the fit is lower than 1%.

(4) It was not possible to discriminate between nano-
particles supported on the two considered y-Al,O;
surfaces (dehydroxylated (100) one or partially
hydroxylated (110)) as the spectral features correspond-
ing to the two sets of models were extremely similar, in
particular for nanoparticles in very weak interaction with
the support (compare Figure SA—C with Figure S8 in

the Supporting Information).

Quite remarkably, the particle size distribution suggested by
the linear combination fit analysis (Figure 6C) is in very good
accordance with that determined experimentally by means of
TEM and confirmed by XAS.*

Although the best linear combination fit reproduces most of
the experimental bands, some spectral regions (in particular
around 250, 1000, and 1300 cm™) are not well described.
Since the spectral features are strongly related to the shape and
size of the nanoparticle, the main possible source for this
residual discrepancy could be attributed to the lack of diversity
in the considered nanoparticle morphology, size, and/or H-
coverage in our simulations set. One possibility is given by Pt—
H species formed over more extended Pt(100) and Pt(111)
surfaces, which could be exposed by the largest nanoparticles
in the sample (although rare, nanoparticles as large as 2.5-3.0
nm were detected by TEM"°). For exploring this possibility,
the INS spectra of bridged Pt—H species on the Pt(100)
extended surface, and top and hollow Pt—H at the Pt(111) one
were also considered (Supporting Information, section S7). On
the basis of those simulations, the missing signal at 250 cm™!
may be attributed to top Pt—H species at extended Pt(111)
surfaces, while hollow Pt—H species at Pt(111) surfaces might
be responsible of the signal at 1000 cm™'. The possible
attribution to other H containing species instead, such as new
—OH species formed at the support, is presently considered
improbable because the spectral ranges do not match, as
shown in Figure S11 in the Supporting Information.

3.3.2. Lower H-Coverage Conditions. In the case of the
INS spectra measured during experiment (2), the amount of
new hydrogenous species formed upon dosing H, was
significantly lower than in experiment (1), resulting in a
difference signal which was too weak and broad to perform a
quantitative evaluation. However, a qualitative assignment was
still possible by comparing the available experimental and
simulated data, as summarized in Figure 7. First of all, the most
intense signal at about 800 cm™' exhibits a remarkable
similarity to that reported in Figure 2B and ascribed to surface
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Figure 7. Comparison among: (a) the differential INS spectrum
containing the spectral fingerprint of the species formed on Pt/Al,O5
during experiment (2) (same as in Figure 3D); (b) differential INS
spectrum ascribed to surface —OH species removed in the
temperature range 393—573 K (same as in Figure 2B, scaled by a
factor 6 for a better comparison); (c) simulated spectrum of the low-
coverage PtssH,,/7-Al,05(100) model, and (d) simulated spectrum
of Pt;;H,¢/y- Al,05(100). The geometries of the two models are
shown for clarity, and the intensities of the simulated spectra were
normalized to the number of H atoms in the respective models.

—OH groups. This suggests that at a significant part of the new
H-containing species formed during this experiment are due to
the formation of new surface —OH groups, as a result of H-
spillover.””>> The presence of this signal in the difference
spectra of experiment (2), and not of experiment (1), could be
a consequence of the different activation procedures followed
in the two experiments (Figure 1A). Indeed, in the present
experiment, the sample was activated at a significantly higher
temperature (573 vs 393 K), and thus a larger fraction of
surface —OH groups was lost during activation. According to
previous DFT calculations,™**%*” the y-AL,O4(110) lateral
surface is the most sensitive to —OH group loss within this
interval of treatment temperature, while the (100) is almost
completely dehydroxylated in this range. Furthermore,
previous reports concluded that exposed low-coordinated
AP* sites are necessary for the occurrence of H-spillover™
and that this typology of highly reactive sites exists on the y-
Al,04(110) surface and stabilizes H-species upon high
temperature treatment.””>® More generally, such defective
sites may also exist on the edges of alumina platelets as recently
shown.”” On these premises, we hypothesize that the H-
spillover process observed in our experiment is related to the
formation of new —OH groups at the AL,O; (110) surface.
However, we cannot exclude that the observed difference arose
because of kinetics reasons. In fact, H, was dosed at a
significantly higher temperature in experiment (2) than in (1)
(450 vs 300 K). Furthermore, in (2) the whole measurement
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was performed at that same temperature, while in (1) the
sample was quenched at 25 K prior to the measurement. Thus,
H-spillover could have been kinetically favored during
experiment (2) and not during (1).

The signal at lower energy transfer (centered at about 450
cm™'), instead, falls in the range typical for §(Pt—H) modes, in
particular for models characterized by a H:Pt ratio close to 1 or
lower and exhibiting a strong interaction with the y-Al,O;
support. As an example, the structures and the simulated
spectra for Pt;sH,, and Pt;3H 4 are shown in Figure 7¢,d. The
broad tail in the experimental INS spectrum at energy transfer
values higher than 950 cm™ is also compatible with the signals
of v(Pt—H) of bridge and hollow Pt—H species. In particular,
the signal at about 1475 cm™" strongly resembles the profile of
both the simulated spectra shown in Figure 7.

Opverall, these qualitative observations are in accordance with
the thermodynamic calculations on Pt;;H, clusters'”?° that, at
the temperature and P(H,)., conditions here adopted,
predicted a H coverage in the range Pt;;Hg 5 confirming
that it is possible to distinguish between low and high H-
coverage in supported Pt,H, nanoparticles from their INS
spectra.

4. CONCLUSIONS

The reactive adsorption of H, with Pt nanoparticles on
transition alumina is predicted to trigger significant changes in
the nanoparticles morphology and in their interaction with the
support as a function of temperature and P(Hz)eq.lg’20
Although a few experimental studies by XAS and IR
spectroscopy confirm the theoretical predictions, direct
experimental evidence on all the types of surface Pt—H species
and on their interconversion during Pt nanoparticles
reconstruction are still limited. Herein, we addressed this
challenge by analyzing the behavior of an industrial highly
dispersed S wt % Pt/Al,Oj; catalyst characterized by a narrow
particle size distribution under hydrogenation conditions by
means of INS spectroscopy combined with DFT simulations.

Two experiments were conducted under different H,
pressure and T conditions, corresponding to higher H-
coverages for experiment (1) than for experiment (2). Albeit
the weak intensity of the difference INS spectra, the high
sensitivity of modern spectrometers allowed us to obtain the
INS fingerprints of the hydrogenous species generated under
these two conditions. The two experimental spectra were
interpreted on the basis of DFT and INS spectra simulations
on 26 Pt,H,/y-AL O, models.'””” Remarkable variations were
observed as a function particle sizes (x), H-coverages (y/x),
and morphologies, revealing that INS spectroscopy is able to
provide a fine description of the Pt/Al,O; system under
different hydrogenation conditions. Two relevant y-Al,O,
surfaces at different hydroxylation states were also considered:
the completely dehydroxylated (100) surface and the partially
hydroxylated (110) one (following refs 43,45,46). It was found
that the type of support surface does not affect significantly the
simulated INS spectra of the Pt—H species.

For experiment (1), the INS spectrum was satisfactorily
fitted with a linear combination of a few simulated spectra
corresponding to Pt nanoparticles characterized by a H:Pt ratio
much larger than 1 and by a weak interaction with the alumina
support. The analysis also pointed out that the best solution
favors a particle size in the PtyH,-Pt;sH, range, in good
agreement with that determined by TEM and confirmed by
XAS.?® In addition, it allowed us to conclude the coexistence of
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both irregular morphologies, such as Pt;,H;, and very
symmetric ones, such as PtysHg;. Also among the regular
morphologies, cuboctahedra are strongly favored over
truncated octahedra shapes. Some complementary contribu-
tions are suspected to originate from Pt—H species located on
more extended Pt(111) surface present on a few larger Pt
nanoparticles. Furthermore, it has to be noticed how the
weakening of the interaction with the support upon complete
solvation might also increase the probability for nanoparticles
sintering, with possible consequences concerning the catalyst
longevity and deactivation.

As for experiment (2) instead, the spectral interpretation was
more challenging because of the very weak intensity and
broadness of the difference spectrum. We were however able to
proceed with a qualitative assignment: the spectral features of
the newly formed hydrogenous species are compatible with the
formation of new hydroxyls at the support surface, likely as a
consequence of H-spillover from the metal nanoparticles to the
support, and with the characteristic spectral features of Pt,H,
nanoparticles with a H:Pt ratio close or lower than 1 and in
strong interaction with the support, such as for the PtysH,, or
the Pt;3H,5 models.

Overall, our data confirm that Pt nanoparticles undergo
important changes in terms of morphology, degree of
interaction with the support and types of Pt—H species (top,
bridge, hollow) formed as a function of the hydrogenation
conditions (temperature and P(Hz)eq), providing unprece-
dented vibrational spectra describing the variety of Pt—H
species involved in the hydrogenation reactions. The present
study is consistent with previously reported theoretical and
experimental data, being at the same time able to make a
further step in the description of the complexity and
heterogeneity of real Pt/Al,O; systems. While previous studies
were mostly obtained from simulations and/or experiments
performed on Pt surfaces or on isolated cluster systems, the
present one is the first systematic investigation quantifying the
effect of the particle size, morphology, and H-coverage by INS.
It also shows a direct evidence of the occurrence of H-spillover,
when the catalyst in preactivated at sufficiently high temper-
ature to significantly reduce the density of —OH groups at the
Al,O; surface. Finally, we demonstrated the capability of INS
spectroscopy, coupled with DFT simulation, to discriminate
among Pt,H, nanoparticles stabilized under different exper-
imental conditions.

As we underlined in the Introduction, Pt/Al,O; are key
catalysts widely used in numerous catalytic processes where
dihydrogen is a crucial coreactant used during the activation
process or during reaction. In all cases, H, partial pressure
must be optimally tuned to control the process selectivity.
Hence, from a catalytic standpoint, the results obtained in the
present study translate into significant insights into the
behavior of Pt/Al,O; catalysts upon reductive H, atmosphere,
the available reactive Pt—H species and their modification
upon change in the temperature or the P(H,).. Beyond that,
our study also provides a solid starting point to further
investigate the ductility of the Pt active phase in the presence
of reactants and under reaction conditions.
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