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Chapter 1

Introduction

1.1 Supported Pd and Pt nanoparticles as heterogeneous catalysts

A catalyst is a substance able to accelerate chemical reactions without being altered during it,
and it does so by “activating” the substrates, allowing them to react and be converted to the
products.® If the catalytic process happens at an interface, then it is called heterogeneous
catalysis, where the reactants and catalyst exist in different phases. Heterogeneous catalysts
are most frequently employed in the form of solid powders and the reactants in the form of

gases or liquids.*™

Supported metal nanoparticles (NPs) are one of the most relevant categories of
heterogeneous catalysts and, among them, precious metals such as Pd and Pt find
employment in a variety of applications as heterogeneous catalysts. For example, besides
being applied in fuel cells, Pt NPs constitute the active phase in catalysts for the oxidation of
organic compounds and pollutants, hydrogenation of biomass and reforming, while Pd-based
heterogeneous catalysts are routinely utilized in the purification of the terephthalic acid and
pollutant removal, as well as in the synthesis of fine and bulk chemicals.? The reason why Pd
and Pt NPs have become fundamental in a manifold of processes primarily resides in their
electronic structure that makes them able to split and activate several molecules of extreme

importance, such as Ha, NO, CO, CO3, Oz and hydrocarbons in general.>™



However, the nature of these NPs alone is not sufficient to justify such an intensive
application, thus forcing to consider the active contribution of support materials as well.
Besides aiding the stabilization of NPs increasing their exposed surface (and thus their
activity),'® metal-support interactions (MSI) are known to play an active role in heterogenous
catalysis. Typical phenomena which involve MSI are charge transfers and spillover (i.e. transfer
of adsorbed atomic species) between the support and the metallic phase, creation of
interfacial sites, migration of metallic atoms on the support and vice versa, as well as support-

induced alterations of the NP’s morphology.1¥2

Metal oxides (like Al,03, ZrO, and CeO3) and activated carbons (ACs) are the most
employed supports for these metals in heterogenous catalysis.'**> If metal oxides can be
preferred when their surface chemistry can be exploited (especially in the case of ZrO, and
Ce0y),*>'1® ACs have found a wide employment due to their high specific surface area (SSA,
easily exceeding 1000 m?/g), high availability of their precursors, low cost of production,
stability under reaction conditions and easy recovery of the metallic phase from the exhaust
catalyst by combustion.!” Metal oxides and ACs can be prepared according to different
synthetic routes, in which the nature of the precursors and the different activation procedure
can strongly influence the surface and textural properties of the material.’>™° Thus, the fine
choice of the right support for dispersing Pd and Pt NPs is fundamental to optimize the

performances of the final catalyst.

1.2 Heterogeneous catalysts are complex systems

Heterogeneous catalysts and, particularly, those based on supported metal nanoparticles are
generally complex systems characterized by a structural and chemical heterogeneity (Figure

1). The first aspect that stands behind their complex nature is that heterogenous catalysts are



composite materials, that can feature not only many different active phases and supports, but
also dopants, alloys and/or mixed phases.? Besides having the possibility to expose many
different crystal facets, both metal NPs and the supports can show different particle sizes and
morphologies within the same catalyst.2! Moreover, these materials are often characterised
by a great number of defects of diverse nature and by a low crystallinity (depending both on
the catalyst’s nature and on the synthetic approach) which further complicates their
comprehension.?? Moreover, the structure and properties of both the metallic phase and the
support can be drastically affected by their interactions with the surrounding environment.
Indeed, heterogeneous catalysts can easily undergo reconstructions and modifications after
interactions with adsorbates (e.g. reagents, products, solvents, ecc.), thus modifying their

properties under reaction conditions.?3
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Figure 1. The various elements contributing to the complexity of heterogeneous catalysts are here exemplified

for a model metal NP supported on a metal oxide. Adapted from ref. 24.



As a result of the intrinsic complexity of heterogenous catalysts, their exhaustive
characterization has faded into the background in the past, making their development mainly
based on an empirical trial and error approach.?®?* Indeed, the most efficient industrial
heterogeneous catalysts, such as those used in refining plants,* were discovered empirically
thanks to sharp chemical intuition. Therefore, many aspects of their structure-activity
relationship and their behaviour under reaction conditions are yet to be clarified. A large
portion of the nowadays’ scientific research on heterogeneous catalysts is thus focused on
filling this gap, aiming at exploiting an atomic-level knowledge of these systems to achieve a
rational design of new catalysts with enhanced activity and selectivity,?”?® as well as

employable in more environment-friendly and less energetically demanding processes.?®

1.3 Experiments and simulations as a tool to unravel complex features of

heterogeneous catalysts

An accurate control of the catalytic performances of heterogeneous catalysts requires
advanced knowledge of the structure of their numerous active sites and of the origin of their
catalytic properties, at the atomic scale. Unfortunately, in the light of the extreme complexity
of these materials discussed in the previous section, this is not an easy task. The greatest
obstacle that is faced when approaching the experimental study of these systems is that the
respective contributions of each type of catalytic site, reagent, support contribution, etc. are
generally convoluted and/or overlapped in the experimental or catalytic response. In the past,
there was a preferred interest into approaching this issue through the synthesis of simple
model systems (featuring high crystallinity and a few chemical components) to isolate the
single contributions.3°3* Even though this approach has been able to lead to outstanding

advances in the field, the most effective trend in modern research is to exploit the coupling of



several characterization techniques to catch different aspects of the same phenomenon, that
must be finally reunited into a closer understanding of the catalyst’s behaviour. This working
scheme, applied to the design of sophisticated in situ and operando methodologies has
allowed to unravel the complex experimental response of heterogeneous catalysts in many

cases.3>3?

In this scenario, computational chemistry is a powerful tool, which can provide with
complementary atomic-scale insight to corroborate and guide experimental observations.
Similarly to what outlined for the experimental side, the preferred approach adopted since
the 1980s has been to simulate strongly simplified systems (within the paradigm of the ideal
surface at low coverage) in static conditions, in order to catch the most general trends of the
system at issue.?®** The birth of Density Functional Theory (DFT) in 1998* and the
development of modern high-performance computing (HPC) facilities has opened the path to
more sophisticated calculations. This has led to the possibility of running chemically accurate
calculations on more complex systems featuring up to a few hundreds of atoms, taking
explicitly into account the interaction of the metallic phase with the support, and eventually
accessing insight on the catalysts behaviour at the atomic scale by means of DFT molecular

dynamics.??

Still, given the extreme complexity and structural heterogeneity of heterogeneous
catalysts, in some cases, building realistic models forces to take into consideration a great
number of different structures and/or bigger models (featuring more than a few hundred of
atoms), which often falls beyond the current possibilities of DFT.*¢ Aimed to overcome this
issue, the last decade has witnessed the birth of a manifold of low-cost computational

methods based on semi-empirical approximations, molecular mechanics, neural networks and



machine learning potentials.?’~>° These methods, relying on stronger approximations than
DFT, have been developed with the scope of trading some accuracy and transferability for
computational speed and are thus applicable to larger and more complex systems (Figure 2).
If opportunely validated, these methods can serve as a powerful tool to be employed at the
early stages of the simulation to explore the potential energy landscape (PES) of
heterogeneous catalysts.”’™2 Providing in this way researchers with a great number of more
or less complex candidate structures to undergo a refinement at DFT level, this “multilevel”

approach can lead to an accurate computation of molecular properties with an

unprecedented insight.
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Figure 2. The size-cost-accuracy relationship in modern computational chemistry is outlined for systems ranging
from a Pt1z NP, which can be simulated at the highest levels of theory (i.e. Wavefunction theory (WFT) and hybrid
DFT) up to a Pt nanowire, whose simulation, featuring thousands of atoms, is only affordable at the lowest levels

of theory. Images (C), (E) and (F) are adapted, respectively, from ref. 54, 55 and 56.



1.4 Purpose and structure of the PhD thesis

This PhD project was inserted within a long-lasting collaboration between the Department of
Chemistry of the University of Torino and the Catalyst Division of Chimet S.p.A.
(https://www.chimet.com), an Italian company leader in the recovery and refining of precious
metals. In the light of the previous discussion, the aim of the work was to couple experimental
and computational methods to correlate structure and reactivity of industrial catalysts
consisting of Pd and Pt nanoparticles supported on activated carbons or Al>Os. In particular,
most of the efforts were directed to three main research questions, each one constituting a

chapter of the thesis, as discussed in the following.

1.4.1 The applicability of low-cost computational methods in the simulation of Pt NPs

An evaluation of the performances of some known low-cost methods for the reproduction of
structural features of Pt NPs of different size was performed. The PBE-dDsC functional (within
the plane-wave formalism) was employed to benchmark the semiempirical DFTB and GFNn-
XTB (n = 0,1,2) and the reactive force-field ReaxFF. Performances were evaluated by
comparing several size-dependent features (such as relative stabilities, structural descriptors
and amorphization energies) computed with the different methods. Four datasets were
investigated: (1) 14 Pti13 ordered and amorphous NPs; (2) 54 Pt13 amorphous NPs; (3) 93 Ptss
amorphous NPs; (4) cuboctahedral and amorphous NPs of stoichiometry Pti3, Ptss, Pt1a7, Pt3o9,
Pise1. The amorphization of Pti47, Ptsog, Ptse1 was achieved through ReaxFF molecular dynamics
(MD). While DFTB performs quite well over all the selected structures, GFN2-xTB and the
cheaper GFNO-xTB show a general predilection for amorphous geometries. The performances
of DFTB and, particularly, of GFN2-xTB are found to worsen with the increasing size of the
system, while GFNO-xTB and ReaxFF undergo the opposite trend. An additional annealing of

the big-sized Ptis7, Pt309, Ptss1 NPs at GFNO-xTB level was found to improve the similarity of
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the geometries to the PBE-dDsC standard, suggesting that GFNO-xTB could be useful to fasten

the screening procedure through amorphous big-sized Pt NPs.

1.4.2 The adsorbate-induced ductility of metal NPs

The interaction of small molecular probes with metal NPs has been widely investigated in the
past, but very few evidence of adsorbate-induced surface reconstructions were reported,
mainly due to experimental and computational limitations. With the improvements in the
performances of characterization methods (e.g. in situ TEM or high-resolution
spectroscopies), as well as in the potential of computational simulation, more and more
studies are currently addressing this topic successfully. Nowadays, there is ample
experimental and computational evidence that catalysts based on metal NPs can modify their
structure in the presence of adsorbates and/or under reaction conditions with consequences
on their activity, selectivity and stability. However, very few literature has faced the problem

of adsorbate-induced surface reconstruction for Pd-based systems so far.

A great part of this work was devoted to collect experimental and computational
evidence of a CO-induced surface reconstruction occurring on an industrial 5 wt.% Pd/Al,Os
catalyst, already widely characterized in the past in this same research group. We targeted the
issue of a possible CO-induced surface reconstruction through a multi-technique approach,
featuring Adsorption Microcalorimetry, IR spectroscopy, CO sorption measurements and DFT
simulation. A series of experiments were carried out by sending little incremental doses of CO
at room temperature on the catalyst activated at 120 °C under dynamic vacuum and H;-
reduced at the same temperature. While CO sorption provided us with accurate and detailed
adsorption isotherms, microcalorimetry allowed us to measure the averaged heat of

adsorption of CO as a function of coverage. Concurrently, IR spectroscopy made us able to



distinguish the different adsorption sites. The CO adsorption isotherm presents a marked step
region when the adsorbed amount of CO is close to the monolayer (i.e., just before reaching
the plateau). This step couples with an unexpected re-increasing in the heat of adsorption
detected by microcalorimetry. In the same conditions, the IR band associated to 3-fold hollow
CO at (111)-like environments mildly shifts towards higher frequency, while the band ascribed
to bridged CO at (100)-like environments decreases in intensity and those ascribed to top CO
massively increase. Results from a multicomponent spectral fitting procedure point out that
the massive growth of the top carbonyl band is due to a sudden increment in the defective

carbonyl families.

DFT calculations were carried out by adopting the infinite slab approach. The surface
energy (') of diverse Pd facets (100, 110, 111, 210, 211, 310) was calculated both for the
pristine facets and the same facets at CO saturation coverage. The optimization of the (100)
facet at saturation coverage reports a slight corrugation of the Pd surface, suggesting that the

aforementioned experimental observations can be explained by a surface reconstruction.

Finally, additional adsorbate-induced phenomena involving other metals (Pt and Ru)
and probes (Hz), have been also explored during this PhD work, as part of the enlarged
collaborations involving Chimet S.p.A. In this frame, | had the occasion to actively participate
to multiple beamtimes (being the main proponent of one of those), both at synchrotron (ESRF

and SLS) and at neutrons (ILL) facilities.

1.4.3 The characterization of the micro- and meso-structure of activated carbons
Activated carbons are extremely popular microporous materials that currently find a great
variety of applications: from catalysts supports to catalysts themselves, components of

electrochemical cells, storage materials, etc. However, the debate on their micro- and meso-



structure and its impact on the activity of these materials remains open. The reason behind
this resides both in the highly disordered nature of these materials and in the limitations
affecting routine techniques (for example, gas-volumetry and conventional x-ray Diffraction
(XRD)) employed for their characterization. In the last decade, the widely accepted model of
activated carbons as an ensemble of nanoscopic flat graphitic platelets, disorderly stacked to
create voids (i.e. micropores), has been widely challenged. The contribution of curved
domains could be necessary to increase the comprehension of experimental data from several
techniques. Above all, the broadening of the XRD peaks in ACs, conventionally merely
attributed to their nano-crystallinity, can be indeed explained also with the existence of
curved layers. Arising from the presence of non-hexagonal rings formed during the activation
process, their contribution could give the micro- and meso-structure of ACs a quite different

look compared with the conventional model.

The third chapter of this thesis was devoted to the structural characterization of
activated carbons employed as supports for metal NPs at the micro- and meso-scale. The
experiments were focused on five samples of different origin (wood, peat) and activation
(steam, H3POa). Two of them were further oxidized with HNOs. The porosity of the activated
carbons was first characterized with N3, Ar, and CO; sorption respectively at 77, 87 and 273 K,
coupled with Non Local Density Functional Theory (NL-DFT). Though the Brunauer-Emmet-
Teller (BET) areas calculated from N; and Ar isotherms are similar, Pore Size Distributions
(PSDs) inferred from the same isotherms by means of NLDFT appear significantly different. We
attributed this discrepancy to the higher accuracy of the isotherms obtained with Ar, the latter
being spheric and a smaller, less-interacting probe than Na. By inferring PSDs from CO;
isotherms (this last featuring a smaller kinetic diameter than Ar) we pointed out the existence

of diverse family of ultra-micropores.
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Given the limitations of conventional techniques, a promising alternative to
characterize the structural features of ACs from the micro to the meso-scale is represented by
Small Angle Neutron Scattering (SANS). Small Angle Scattering is generally known as suitable
for accessing structural and morphological information both for crystalline and amorphous
samples. Moreover, SANS can provide insight about pore accessibility by filling the pores with
a contrast matching agent, such as D;0. Thus, relying on our Ar-PSDs, we carried out a SANS
experiment with the aim of enhancing our knowledge not only on the PSD, but also on (1) the
spatial organization of the pores in the carbon matrix, (2) the existence and abundance of
curved carbon domains and (3) the accessibility of the micropores thanks to contrast matching
with D;0. A preliminary analysis of the collected scattering intensities points out a strong

agreement between SANS and Ar sorption data.
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Chapter 2

Assessing Low-Cost Computational Methods against

Structural Properties and Size Effects of Pt nanoparticles

This chapter is based on the reference paper: “Ricchebuono, A. et al., J. Phys. Chem. C 2023, 127, 18454-18465"

2.1 Introduction

The importance of metal nanoparticles (NPs) in modern technology has grown exponentially
since scientists started studying their properties and engineering during the last century. Pt
NPs display unique characteristics (resistance to oxidation, biocidal activity, plasmon
resonance, etc.), which made them employed in a great variety of applications: from
biosensors to electronics, catalysis and more.2 One of the most interesting features of Pt NPs
is their ability to activate and sometimes dissociate many molecules of environmental and
industrial relevance, such as Hz, CO, CO; and organic compounds.3* The activity enhancement
gained by dispersing metal nanoparticles of controlled size on support materials, such as
oxides or carbons, has indeed given heterogeneous catalysts based on supported Pt NPs a
central role in several catalytic processes,” like pollutant  removal,®’

8-11

hydrogenation/dehydrogenation reactions,® ! naphtha reforming,'>*3 etc.

The fine understanding of the properties of Pt NPs is challenged by their complex and
ductile structure which is very sensitive to the chemical environment (reactants or nature of

the support). Usually, Pt NPs display a great variety of sites whose coordination depends on
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the NP’s shape, size and structural disorder, giving birth to an overlap of contributions and
convoluted experimental responses strongly depending on reaction conditions.'* Hence, the
atomic scale determination of these systems requires the use of cutting-edge characterization
techniques in combination with state-of-the-art computational chemistry methods.>° The
advance of density functional theory (DFT) and the development of high-performance
computing (HPC) facilities has led to numerous progresses in the understanding of the
properties of Pt NPs through the last decades.?° For instance, a great variety of shapes has
been found for isolated Pt clusters,?1™24 while the interaction of Pt NP’s with oxide supports?>~
29 and various reactants (such as H, or CO) has been investigated for clusters ranging from 2

up to around 200 atoms. 283031

Nevertheless, one of the frontiers of the field arises from the fact that DFT can be
employed for accurate calculations on simple systems featuring up to around a few hundred
atoms, but it becomes rapidly too demanding when increasing the number of metallic atoms
involved.3>33 This aspect represents a strong limitation to the development of realistic models,
often compelling researchers to rely on simplifications such as reduction of system’s size and

nano-structure complexity.

The process of building reliable molecular models of metallic NPs comprehends a
preliminary step in which many candidate structures have to be screened for a given NP size.3*
During this step, the potential energy surface (PES) has to be explored in order to find the
most stable minima that can be relevant and populated at a given temperature.3>3% Even
though various algorithms, such as global optimization?4#37-3° and simulated annealing by ab
initio molecular dynamics,?%4%-43 can be used to generate and explore candidate structures for

metallic clusters, the main bottleneck of this step is the computational method employed to
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describe the PES. For example, an exhaustive PES exploration within a full-DFT approach can
be carried out only for small and simple systems at a high computational cost. Adopting a
multilevel modelling scheme often represents an efficient workaround, envisaging the
exploitation of low-cost approximated methods (semiempirical (SE) functionals, force-fields
(FF), neural network potentials, etc.) instead of DFT for the exploration of the PES.?*>** Even
though this strategy can massively reduce the computational cost of the process, the
approximations on which these methods rely always entail an accuracy loss of some extent.
Moreover, the stronger these approximations, the weaker the transferability of the method.
Thus, the accuracy of approximated low-cost methods must be thoroughly assessed against

reference methods that are proved to be trustable for the systems at issue.

In this chapter, we benchmark the performances of several low-cost computational
methods for the computation of structural properties and size effects on Pt nanoparticles of
stoichiometry Ptis, Ptss, Ptia7, Pt3os, Ptse1. The semiempirical tested methods are density
functional tight binding (DFTB)* and three methods belonging to the GFN extended tight
binding family: GFNO-xTB,* GFN1-xTB*” and GFN2-xTB,* where the acronym “GFN” stands for
“geometries, frequencies and noncovalent interactions”. The ReaxFF*%°C reactive force field
was tested in the same fashion. DFTB and the ReaxFF are well-known methods that have
already been frequently employed in heterogeneous catalysis.®™8 On the other hand, the
recently developed GFN methods were first benchmarked against high-level DFT,
wavefunction theory (WFT) and experimental data mainly for organic and metal-organic
compounds.3*4¢-48 However, their promising applications reported in the last few years>®-2
together with their low computational cost and their atom-specific parametrization make

their accuracy worth to be assessed on metal NPs as well.
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Due to the lack of clear insight from the literature, our benchmark strategy for this
study was built as follows. A small structural dataset containing 14 different Pt13 NPs, divided
into amorphous and ordered structures, was considered to first test the performances of all
the listed methods. The benchmark was performed by assessing their ability to reproduce
relative stabilities, thermochemical parameters and structural descriptors (bond lengths,
bond angles and radii of gyration) computed at the PBE-dDsC®® |evel for every NP of the
dataset. An analogous approach is adopted for two sets of amorphous NPs of stoichiometry
Pt13 (54 structures) and Ptss (93 structures) in order to evaluate the particle size effect. The
ultimate task of the work will be to propose a cost-effective simulated annealing procedure
combining ReaxFF and GFNO-xTB to generate reliable amorphous structures for big sized Pty
NPs (x = 147, 309, 561). In the last section this route is critically analyzed, pointing out its

advantages and limits to overcome.

2.2 Methodology

2.2.1 Computational details

DFT calculations were carried out within the plane-wave formalism, thanks to the VASP®>66
code (version 5.4.4). The PBE exchange-correlation functional®® was employed, setting an
energy cutoff of 400 eV for Pti3, and Ptss, and 300 eV for Ptia7, Ptaos, and Ptse1. The choice of
the PBE functional is due to its computational cost and general applicability,®’ allowing to
compute energies and geometries for the biggest NPs considered in this work, coupled with
its relevance for simulating Pt and transition metals surfaces in general.®® The dDsC
correction,® benchmarked for predicting molecular adsorption at Pt surfaces by Gautier et
al.,’® was added to take into account dispersion interactions, while core electrons were
described with the PAW method.’! To motivate our reference functional choice, we evaluated

the performances of PBE, PBE-dDsC and PBEsol’? on the Pti3 small dataset (details about the
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dataset are given in the next section). The comparison between relative energies computed
with the three functionals is presented in Figure 1. The small deviations (below 0.03 eV/atom)
observed between the data obtained with the different functionals confirm that the impact of
the reference GGA functional lies in the background if compared with the effect of a geometry
optimization at SE or FF level. A Gaussian smearing (o = 0.05 eV) was applied to fasten the
convergence of the electronic iterations. The threshold for all the electronic energy
minimizations was fixed to 10”7 eV. Spin-polarized calculations were performed for Pti3 and
Ptss. Geometries were optimized with the conjugate-gradient algorithm until the residual
forces were below 0.005 eV/A. Although geometry optimizations of NPs of sizes up to a few
hundred of atoms are feasible at PBE level, the same process is thousands of times faster if
employing the low-cost methods at issue (Figure 2). Thus, understanding to what extent
results obtained with the latter deviate from the PBE reference is crucial to safely exploit this

massive gain in computational time.
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Figure 1. Relative stability (with respect to the global minimum) of all the structures of the Ptiz small dataset,
ranked according to their electronic energy computed at PBE-dDsC (blue), PBE (striped blue) and PBEsol (light

blue) levels.
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DFTB calculations were carried out through the DFTB+ code (version 21.1).% Electronic
energies were computed by setting a self-consistent charge (SCC) tolerance of 2.7 107 eV, a
maximum angular momentum /max = 2 and a Fermi-Dirac smearing featuring an electronic
temperature of 500 K, following the settings chosen in ref. 23. Geometries were optimized
with the conjugate-gradient algorithm until the residual forces were below 5 10 eV/A. The

employed Slater-Koster parameters were adopted from ref. 23.

Calculations performed with the GFNn-xTB methods were executed with the xtb code
(version 6.4.0).3% The threshold for the convergence on electronic energies was set to 10° eV,
while geometries were optimized through the ANCOPT algorithm with a convergence criterion
of 0.01 eV/A. We checked that using a tighter convergence criterion does not affect the results

reported herein.

ReaxFF calculations were run within version 6.0 of the General Lattice Utility Program
(GULP),”® exploiting a parametrization derived in ref. 74. The latter was made with the final
aim of modeling the interaction between Pt clusters and carbon platelets. The convergence

criterion for geometry optimizations was set to 0.005 eV/A.

All the above-mentioned thresholds were chosen in order to avoid negative
eigenvalues of the hessian matrix during the computation of harmonic vibrational
frequencies. To this purpose, the finite differences method was adopted for the VASP, DFTB+
and xTB code (elongation + 0.01 A, + 5 105 A, + 0.0025 A, respectively), while analytical
derivatives were computed with GULP. The computed vibrational frequencies were post-
treated, through the laws of statistical thermodynamics,”> to extract the vibrational

contributions to the following thermodynamic quantities: enthalpy (Hvib), entropy (Svi) and
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the Zero Point Vibrational Energy (ZPVE). The vibrational contribution to the Gibbs free energy

(Guib) at T =300 K is computed as follows:
Gyip = Hyip — TSyip + ZPVE (1)

MD simulations were carried out in an NVT ensemble. ReaxFF MD was performed with
the Nosé thermostat’® and the velocity-Verlet algorithm at different temperatures (details are
given in the next section). The employed time-step was 0.5 fs, while the total simulation time
was 10 ps. The Berendsen thermostat’” was employed for GFNO-xTB MD at 2000K, with a

time-step of 2 fs and a total simulation time of 50 ps.
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Figure 2. Order of magnitude of the computational cost of the employed for PBE-dDsC (blue), DFTB (red), GFN2-
XTB (green), GFNO-xTB (grey), and ReaxFF (pink). The y axis reports the time taken for a single optimization cycle
(SCF/non-self-consistent energy evaluation + gradient) computed as a ratio between the total elapsed time and
the number of cycles taken to fulfill the optimization. Data are obtained by optimizing the same Ptss structure,
on the same number of CPUs (8) of the HPC machine Fram of the Norwegian academic HPC infrastructure
(system: Lenovo NeXtScale nx360; CPU type: Intel E5-2683v4 2.1 GHz) with the same optimization thresholds (=

0.005 eV/atom).
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2.2.2 Datasets and models

The performances of the chosen low-cost methods were evaluated by investigating four

structural datasets:

Pti3 small dataset: 14 structures divided into ordered and amorphous. Coordinates of
structures belonging to this dataset have different origins: the structures cbpt (capped
biplanar triangle), nbp (new biplanar), scsc (side-capped simple cubic), dscsc
(disordered side-capped simple cubic), tcsc (top-capped simple cubic), bbp (buckled
biplanar) and ico (icosahedral) are taken from ref. 21. The structures sa and sa2 are
still taken from ref. 21 and differ from the previous ones as they are generated through
first-principle simulated annealing (hence the “sa” terminology). The structures go2,
go3, god are taken from ref. 23 (where “go” stands for “global optimization”). The
structures nsx0 and nsx2 were obtained by optimizing at GFNO-xTB and GFN2-xTB level
amorphous structures from previous DFT calculations.

Ptz amorphous dataset: 54 amorphous structures (coordinates adopted from ref. 23).
Ptss amorphous dataset: 93 amorphous structures (coordinates adopted from ref. 23).
Multi-sized dataset: 5 amorphous structures of stoichiometry Ptis, Ptss, Pt1a7, Pt3o,
Ptse1 (presented in Figure 3) were considered to evaluate the size-dependency of the
performances of the tested methods. Ptiz and Ptss structures in this dataset
correspond to the lowest-energy structures of the Ptiz and Ptss amorphous datasets,
respectively. Amorphous Ptis7, Ptsgs, and Ptse1 were obtained through the
amorphization of the ordered cuboctahedral geometry, as schematized in Figure 4A.
Cuboctahedral nanoparticles were first cut out of the Pt bulk and subsequently
subjected to ReaxFF MD. Different temperatures, ranging from 800 K to 2700 K, were

tested to find the minimal temperature to shake cuboctahedral geometries in order to
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explore various conformational states. A complete amorphization of the structure was
achieved at 2000 K for Pt147, 2500 K for Ptsp9, and 2700 K for Ptse1. The lowest-energy
structure of each MD run was quenched at 0 K with ReaxFF, obtaining an amorphous
ReaxFF geometry for each stoichiometry. The geometries of the obtained structures
were optimized with the low-cost methods, as well as with PBE-dDsC. GFNO-xTB
geometries were finally annealed through GFNO-xTB MD, aiming to enhance the
accuracy of the generated NP models through higher-level MD. Several candidate low-
lying energy conformations per stoichiometry were quenched at 0 K with GFNO-xTB in
this case, taking as output only the lowest-energy structure resulting after PBE-dDsC
single point energy evaluations. Notably, for this part of the study, we will only
compare energies evaluated at our reference level of theory (PBE-dDsC), as will be
discussed in section 2.3.3. The energies computed at the GFNO-xTB level are not
consideredThe sampling approaches for ReaxFF and GFNO-xTB MD are exemplified in

Figure 4B for Pt147.

Pt13 Pt55 Pt147 Pt309 Pt561

Figure 3. Examples of structures of NPs belonging to the multi-sized dataset optimized at PBE-dDsC level at 0 K.

Structures belonging to the Pti13 small dataset were first optimized at PBE-dDsC level. The thus
obtained geometries were further optimized with all the low-cost methods and we evaluated

their performances by comparing bond lengths, bond angles, radii of gyration, relative
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stabilities and thermochemical parameters computed by the low-cost methods with the
reference PBE-dDsC (section 2.3.1). The benchmark on the Pti3 amorphous dataset and Ptss
amorphous dataset (section 2.3.2) was carried out analogously, although vibrational
frequencies (and thus thermochemical parameters) were not computed. Moreover, GFN1-xTB
was not tested on the Ptiz and Ptss amorphous datasets due to the poor performances
exhibited for the Pti3 small dataset. As outlined in Figure 4A, all the structures of the multi-
sized dataset (section 2.3.3) were subjected to a PBE-dDsC single point energy evaluation.
Thus, the outcome of the employed multi-level procedure was inspected by analyzing the
deviations on PBE-dDsC electronic energies and bond lengths between the low-cost and PBE-
dDsC geometries. GFN1-xTB was not employed in this section for the aforementioned reason,
while GFN2-xTB was discarded because of the inability of reaching a convergence in SCC
calculations for Pt147, Pt3og, and Ptse1. This work is mainly focused on amorphous NPs since Pt
NPs are experimentally known to show a general preference for amorphous morphologies
which decreases when increasing the particle size.”® Notably, after some preliminary test, we
testified the inability of the GFN methods to retain cuboctahedral geometries for Ptx NPs with

x>13.

The graphical visualization and structural manipulation of the NPs was performed with

VESTA (version 4.0.0).”° Images of molecular models were rendered with VMD.
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Figure 4. A) Flowchart of the multi-level procedure adopted to build Pt147, Pt3os, and Ptss1 NPs within the multi-
sized dataset. B) Energy (referred to the starting point) evolution vs simulation time for 5 ps of ReaxFF (pink) and
GFNO-xTB (gray) MD for Ptis7. The lowest ReaxFF structure (dashed circle) was quenched at OK with ReaxFF.
Among the highlighted lowest-energy GFNO-xTB structures (solid circles), only the most stable conformer

according to PBE-dDsC energies was chosen as the output of the procedure.

The kernel density estimate (KDE) plots presented in section 2.3.2 were created with
the Python library Seaborn.®! The KDE plots were built by treating the obtained bond lengths,
angles, and radii of gyration extracted for each nanoparticle) as a discrete variable (x).
Assuming a definite set of n values for the variable x = (x4, x5, ..., x,), a probability density

function ¢ can be estimated through the Kernel Density Estimator:

1 n
Ps(0) == > K(x-x) @)
i=1

where s is a smoothing parameter and K is the Kernel function. Since the Seaborn library

2

exploits a Gaussian Kernel K(x) = \/%e_(7> to practically compute KDE plots, the estimated

probability density function becomes:
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where the smoothing parameter s assumes the meaning of a bandwidth tuner for the

Gaussians.

2.3 Results and discussion

2.3.1 Pt;3 small dataset

All the structures optimized at PBE-dDsC level are ranked according to their electronic
energy in Figure 5. As outlined in section 2.2, the 14 Pt13 NPs are here divided into two classes:
“amorphous” and “ordered”. While among the structures of the “amorphous” class, the atoms

{

are “randomly” organized in space, the atomic positions in the “ordered” structures are
subjected to stricter geometrical constraints. The dispersion-corrected GGA electronic
energies suggest that, for the Pti3 system, ordered structures are generally less stable than
the amorphous ones. This trend is consistent with the fact that the arrangement of atoms in
ordered structures is either cut out of the bulk or built to fit specific geometric shapes. On the
other hand, most of the amorphous structures (with the exception of sa, the most stable
structure, found by simulated annealing)?! shown here were obtained through a global
optimization procedure,?? that was explicitly devoted to find the most stable geometries for
this system. One notable result about this dataset concerns the cuboctahedral geometry,
which has been widely employed as a model nanoparticle for many metals due its
straightforward extraction from an fcc crystalline lattice.??8? According to the analysis of
vibrational frequencies, the optimized cuboctahedral structure (AE = 0.24 eV/atom with
respect to the sa global minimum) displays residual imaginary frequencies corresponding to a

compression along the axis normal to the squared facets. A line-minimization was performed

to scan the normal coordinate associated with the imaginary frequency, in order to find the
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minimum conformation. After the line-minimization procedure, the re-optimized geometry
collapsed to the bbp structure, implying the removal of the cuboctahedral Ptiz from our
dataset. This cuboctahedral structure was kept in ref. 21 without confirming by frequency
analysis if it was a true minimum. Nevertheless, the overall energy trend is consistent with the

one reported for sa, nbp, bbp, ico, and cub in ref. 21.
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Figure 5. Relative stability (with respect to the global minimum) of all the structures of the Ptis small dataset,
ranked according to their electronic energy computed at PBE-dDsC level. Amorphous structures are represented

in blue, while the ordered ones in orange.

After re-optimizing PBE-dDsC structures with the low-cost methods, a detailed analysis
of their performances was achieved by extracting and comparing different features of the NPs:

geometries, relative stabilities and thermochemical parameters.

2.3.1.1 Geometries

To represent the geometrical features of each NP, we extracted the Pt-Pt distances between
nearest neighbors (Figure 6A), the angles between three nearest neighbors Pt atoms (Figure
6B) and the radius of gyration (Rg, Figure 6C). The errors of the tested low-cost methods for
each nanoparticle with respect to the PBE-dDsC reference are reported in Figure 6. Only the

errors for the three best performing methods are shown in the main text, due to the poor
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results obtained with ReaxFF and GFN1-xTB. Histograms for all the methods are given in Figure

Al.
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Figure 6. Mean Absolute Error (MAE) for bond lengths (A) and bond angles (B), and the signed deviation from
PBE-dDsC for the gyration radius Rg (C) made by semi-empirical methods (SE): GFNO-xTB (gray), GFN2-xTB (green)

and DFTB (red).

The averaged mean absolute errors (MAEs) computed separately for amorphous and

ordered structures are reported in Table 1. As it emerges both from the histograms in Figure
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6 and from Table 1, DFTB outperforms GFNO-xTB and GFN2-xTB in most cases, showing errors
below 0.1 A for bond lengths and generally below 5° for bond angles. GFN2-xTB systematically
shows lower errors on amorphous geometries (competing with DFTB), while its performances
become poor when evaluated on ordered structures. The results obtained with GFNO are not
undergoing any specific trend. However, it is worth noting that for Rg, GFNO-XTB exhibits the
lowest deviation (in absolute value) both for amorphous and ordered structures. Our
interpretation of this behavior is that, even though the “local” geometry is not strictly retained

from DFT, the global information on the shape of the particle is not completely lost.

Table 1: Averaged errors on bonds, angles and R; for the small Pt13 dataset

bonds MMAE (A) 2 angles MMAE (°)® Rz MAE (&)
GFNO- GFN2- GFNO- GFN2- GFNO- GFN2-
xTB xTB DFTB xTB xTB DFTB xTB xTB DFTB
Amorphous 0.18 0.09 0.06 7.9 4.2 2.8 0.026 0.028 0.037
Ordered 0.26 0.24 0.05 10.9 10.3 1.1 0.033 0.066 0.040

25 The averaged error on bond lengths and angles is expressed as Mean MAE (MMAE). ¢ The average error on Rg
is expressed as a MAE. All the quantities are computed separately on amorphous and ordered structures to

highlight the morphology-dependent behavior of the tested methods.

2.3.1.2 Relative stabilities

In this section we mean to assess the performances of our low-cost methods on the energetic
ranking of the structures belonging to the Pti3 small dataset. The energies are expressed here
as relative stabilities with respect to the global minimum, as it was for Figure 5. For each
geometry optimized at PBE-dDsC level, we compare the PBE-dDsC energy with the energy
obtained with the chosen low-cost method on the same atomic conformation, thus neglecting
the effect of SE geometry optimization in the first place. We express the raw results in the

form of histograms (Figure 7, full columns), while we quantify the degree of agreement
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between the DFT and SE energies by means of a linear regression analysis, which is performed
separately for amorphous and ordered structures. The regression parameters (slope and
determination coefficient (R?)) are compactly given in Table 2, while the relative scatter plots

are presented in the panels A, C, E of Figure 8.

Relying on the reported values of R?, the regression analysis shows itself to be rather
inglorious for GFNO-XTB energies, classifying again DFTB as the best performing method (in
line with the parametrization of ref. 23), followed by GFN2-xTB. Here, the different behavior
for ordered and amorphous structures is evident not only for GFN2-xTB, but also for GFNO-
XTB and DFTB, even though for the latter the difference is almost negligible. Despite the poor
results of GFNO-xTB, the performances of GFN2-xTB are strongly morphology-dependent,
being competitive with DFTB only for the amorphous structures. The generally coarse results
of GFNO-xTB are reflected in the histograms of Figure 7B, from which it appears its inability to
reproduce the stability trend depicted by PBE-dDsC energies (Figure 7A). While both GFN2-
XTB and DFTB are well performing for amorphous structures, they behave differently for the
ordered ones: DFTB is slightly underestimating their stability (Figure 7D), while the trend is

less uniform for GFN2-xTB (Figure 7C).

At this point, we mean to take into account the effect of geometry optimization at SE
level. To this purpose, we carried out an analogous analysis by comparing the PBE-dDsC energy
with the energy obtained with the chosen low-cost method on the same NPs after geometry
optimization. The corresponding histograms are presented in Figure 7 (striped columns), while
the regression parameters are reported in brackets in Table 2 (the relative scatter plots are

presented in Figure 9).
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Figure 7. Relative stabilities (with respect to the global minimum) of the structures of the Ptis small dataset,
computed with PBE-dDsC (A), GFNO-xTB (B), GFN2-xTB (C) and DFTB (D). Full columns correspond to single point
energy evaluations performed on the frozen PBE-dDsC geometry, while striped columns report the SE energy of
the same NP after geometry optimization. Circles indicate amorphous structures, while triangles indicate ordered

ones.

The value of R? is generally decreasing upon geometry optimization with SE methods,
which is consistent with the natural action of forces that modify atomic coordinates during
geometry optimizations. The case of GFN2-xTB on ordered structures is less trivial. Even
though the higher value of R? suggests a better correlation between data points, the high slope
value (Table 2) indicates a general compression of the energetic range covered by PBE-dDsC,
which is reflected in the histograms (Figure 7C). Moreover, the significant difference between
relative stabilities of ordered structures before and after GFN2-xTB geometry optimization is
consistent with the significant MAE on bond lengths and angles discussed in section 2.3.1.1.
DFTB is less sensitive to geometry optimization than the other methods for all structures and

provide a more coherent stability trend with respect to PBE-dDsC.
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Figure 8. Comparison between PBE-dDsC and “hybrid” semiempirical (SE) energies. Y axis: relative energy of Pti3
NPs after geometry optimization at PBE-dDsC level. X axis: single point energy evaluation at SE level (DFTB (A),
(B); GFN2-xTB (B), (C); GFNO-xTB (E), (F)), performed on the frozen PBE-dDsC geometry. The plots (A), (C), (E) are
referred to structures belonging to the “Pti3s small dataset”. In these three graphs, the presented linear regression
is performed separately for the amorphous (bullets, dotted line) and the ordered (triangles, dashed lines)

structures. The plots (B), (D), (F) are referred to structures belonging to the “Ptis amorphous dataset”.
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Table 2: Determination coefficients and slopes of the regression analysis performed on relative stabilities (PBE-

dDsC versus SE energy)

GFNO-xTB//PBE-dDsC® GFN2-xTB//PBE-dDsC* DFTB//PBE-dDsCf

(GFNO-xTB)? (GFN2-xTB)© (DFTB)®
R? slope R? Slope R? slope
0.93 0.54
Amorphous | 0.53 (0.004) 0.30(0.13) 0.90 (0.77) 0.70(0.82) (0.93) (0.50)
0.82 0.80
Ordered 0.06 (0.005) | -0.18 (-0.06) 0.63 (0.70) 1.00 (1.50) (0.75) (0.77)

ace The regression was performed on relative stabilities computed by SE methods on frozen PBE-dDsC geometries.

bdf The regression was performed on relative stabilities computed after re-optimization at SE level.

2.3.1.3 Vibrational frequencies and thermochemical parameters

While the previous section checked how the semiempirical methods are able to properly
describe the energy minima of the potential energy surface, we now aim at analyzing how
these methods describe the fluctuation of the systems in the close vicinity of those energy
minima. First, harmonic vibrational frequencies were computed for each structure at the
different levels of theory. Information of the unprocessed vibrational frequencies computed

with low-cost methods with respect about the deviations to PBE-dDsC is reported in Figure

10.
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Figure 10. Mean Bias Error (MBE) of GFNO-xTB (gray), GFN2-xTB (green) and DFTB (red) on the computation on

the vibrational frequencies. MBE is computed with respect to the benchmark PBE-dDsC.
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According to the mean bias errors (MBE) presented in Table 3 and the histograms of
Figure 11, deviations on the vibrational enthalpy (Hvib) plus ZPVE are found to be negligible
compared with the entropic term. Hence, since the vibrational free energy is computed as
reported in eq. 1, the error on Gyi, comes predominantly from the -TSip term. The main
contribution to Hvi, comes from high-frequency modes,® which are most likely associated to
close bonding and stretching modes. S, on the other hand, is more sensitive to low-
frequencies modes, corresponding to concerted movements of the whole NP. Thus, the
negligible error on H.i, signifies that all the methods are well describing the shape of the
potential well associated to high frequency modes and thus, to close bonding, where it is less
true for the concerted vibrations. Nevertheless, the magnitude of G.i, remains rather small
(less than 16 kJ/mol), which implies that the relative stability of all structures is not modified

at T = 300 K by vibrational contributions whatever the method used (see Figure A2).

Analyzing the histograms in Figure 11, two main observations can be made: GFNO-xTB
shows the smallest deviation from the standard PBE-dDsC and the deviation of GFN2-xTB
follows the opposite trend with respect to the other two methods. This behavior indicates
that, for low-frequency modes, while DFTB and GFNO-xTB are computing tighter potential
wells with respect to PBE-dDsC, the same potential wells computed by GFN2-xTB are looser.
This means that GFN2-xTB, in contrast with DFTB and GFNO-xTB, underestimates force

constants for vibrations in which the whole nanoparticle is involved.
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Figure 11. Deviations of GFNO-xTB (gray), GFN2-xTB (green) and DFTB (red) with respect to PBE-dDsC on the

computation on the vibrational free energy and entropy (TSvib) at T=300 K. We did not plot Dev [Hvib + ZPVE]

since it was fully balanced around 0 and always below 4 kJ/mol.

Table 3: Averaged errors on Gvib, -TSvib, Hvib and ZPVE for the small Pt13 dataset

MBE [Guib] MBE [-TSyib] MBE [Huib] MBE [ZPVE]
(kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
GFNO-xTB 8.0 6.9 -1.3 2.4
GFN2-xTB -16.2 -16.2 2.8 -2.7
DFTB 12.7 11.3 -2.4 3.8
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2.3.2 Ptz and Ptss amorphous datasets

As described in section 2.2.3, a procedure analogous to the one applied to the Ptiz small
dataset was adopted for the two large datasets of amorphous Ptiz and Ptss NPs. All the
geometries optimized at PBE-dDsC level were re-optimized with GFNO-xTB, GFN2-xTB, DFTB
and ReaxFF. The agreement of the tested methods with the PBE-dDsC reference was
evaluated by comparing three geometric descriptors (bond lengths, bond angles and Rg) and

the relative energies of the structures belonging to the two datasets.

Figure 12 reports the distribution of the signed deviation on bond lengths, bond angles
and Rg computed for all the tested low-cost methods, both for the Ptiz and Ptss amorphous
datasets. Since the signed deviation is a discrete variable in these cases, continuous probability
density functions were estimated through the KDE procedure described in section 2.2.2. The
KDE plots for each geometric descriptor are computed by employing the same smoothing
factor (reported in Table 4), thus legitimating the comparison between the probability density

functions of the two datasets.

The differences in the distributions between Pti3 and Ptss reveal that the performances
of DFTB and GFNO-xTB are generally improving while increasing the particle size: the
distributions are getting narrower and shifted towards zero. GFN2-xTB seems to undergo the
opposite trend, indeed, the distributions of the deviation for bonds and angles are widening
when moving from Pti3 to Ptss, while the behavior of the deviation on Rg is less clear. The
performances of ReaxFF are generally poor and show only a slight improvement for Ptss with
respect to Pti3. DFTB proves to be the best method, although it causes a small and systematic

compression of bond lengths, which is also reflected in the deviation on Rg. GFNO-xTB is
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showing the biggest improvements, becoming competitive with DFTB and outperforming it

for the Rg.
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Figure 12. Distribution of the signed deviation on bond lengths (A, B), bond angles (C, D) and radii of gyrations
(E, F) for DFTB (red), GFN2-xTB (green), GFNO-xTB (grey) and ReaxFF (pink) with respect to PBE-dDsC values for

the Pti3s and Ptss amorphous datasets.

The plots reported in Figure 8B, 8D and 8F are conceived to inspect the correlation
between relative energies computed at PBE-dDsC level with relative energies computed with
the tested low-cost methods for the structures belonging to the Pti3 amorphous dataset. In
this case, data show that the energy range in which the amorphous isomers of Ptis lie is far
smaller than the accuracy of a GGA functional like PBE. As illustrated in Figure A3, the data

regarding amorphous Ptss NPs exhibit also a very narrow energy fluctuation. Hence, it is
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beyond the accuracy level to discuss any correlation between electronic relative energies for

these set of amorphous NPs.

Table 4: Adopted smoothing factors for the KDE plots

bonds (A) angles (°)
s 0.12 1.8

Re (A)
0.0075

Table 5: Mean values (A) and standard deviations (A2, reported in brackets) of the error distributions presented
in Figure 12
Since the distributions are not perfect gaussians, the reported mean values do not correspond with the maxima

of the distributions and the reported variances cannot be linked to the full width at half maximum (FWHM) with

the relation: FWHM = 2v/21n 2 ¢. This is particularly influent for ReaxFF, for which data are strongly deviating

from a gaussian distribution

Bond length (rpt.pt) DFTB GFNO-xTB GFN2-xTB ReaxFF
0.093
Ptis -0.027 (0.015) 0.001 (0.120) 0.055 (0.038) (0.339)
Pt -0.030 (0.004) 0.023 (0.055) 0.043 (0.120) 0.063
55 . . . . . . (0335)
Bond angle (Bpt.pt) DFTB GFNO-xTB GFN2-xTB ReaxFF
Ptis -0.245 (23.5) -0.565 (153.7) 0.458 (50.7) 1.45 (390.8)
0.787
Ptss -0.021 (7.03) -0.620 (67.4) -0.527 (133.8) (380.8)
Radius of Gyration (R;) DFTB GFNO-xTB GFN2-xTB ReaxFF
0.136
_ -4 _ -4
Ptis 0.034 (1 107) 0.014 (0.001) 0.030 (210 (0.002)
Ptss 0.044 (9 10°) -0.003 (4 10°) 0.040 (7 10 0.160
(0.001)

2.3.3 Towards big-sized nanoparticles

Amorphous geometries for nanoparticles of stoichiometry Ptia7, Ptsoo, Ptse1 were obtained
through the procedure described in section 2.2.2. As a preliminary remark, the relative

energies (calculated at PBE-dDsC level) between amorphous and cuboctahedron clusters
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show that for sizes smaller than 309 atoms, amorphous clusters are more stable than the
cuboctahedral isomers (Figure 13). For a cluster size of 561 atoms, the cuboctahedron
becomes more stable. Interestingly, this trend is found in qualitative agreement with the
experimental observation showing the predominance of amorphous clusters for sizes smaller
than around 250 atoms.”® Nevertheless, to overcome the limitation of considering
cuboctahedral isomers only, such a result should prompt a more systematic theoretical
investigation comparing the energies of amorphous clusters found in the present studies with

ordered clusters exhibiting much more diverse morphologies (other than cuboctahedral

ones).

0.05
561
: 309 I R
g 0 : : R |
147 -

; . -
< »
~ -0.05 ;
£ p
E r
!
4+ -0.1 - p
E ’
Wi 55{'
< 0154 *

13’,’

L

0.2
0 100 200 300 400 o0 .
Natoms

Figure 13. Amorphization energy of Ptx NPs (x = 13, 55, 147, 309, 561) computed at PBE-dDsC level, intended as

energy difference between the electronic energy of amorphous and cuboctahedral geometries for each

stoichiometry.

Concerning the only amorphous nanoparticles, We inspected the agreement of the
tested low-cost methods with the DFT standard (as well as the performances of XTB MD) by
plotting, for each nanoparticle, the deviation between its pure PBE-dDsC energy and its PBE-

dDsC energy evaluated as single point on SE or FF geometry. The energy deviation (AE)

reported in Figure 14A is computed as follows:
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AE = EPBE—stC//Low—cost — Eppe-apsc (4)
Given the strong dependency of the electronic energy on the atomic coordinates, the quantity
“AE” defined in Eq. 4 is here exploited, together with the mean Pt-Pt distance, to weigh the
discrepancy between the benchmark PBE-dDsC structures and the low-cost ones (Figure 14).
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Figure 14. A) Electronic energy difference between the full PBE-dDsC energy and the PBE-dDsC energy evaluated
on DFTB (red), GFNO-xTB (grey) or ReaxFF (pink) geometry. The grey stripes represent the difference between
the full PBE-dDsC energy and the PBE-dDsC energy evaluated on a geometry annealed with GFNO-xTB molecular
dynamics. B) Evolution of the mean Pt-Pt distance with particle size for PBE-dDsC (blue), DFTB (red), GFNO-xTB

(gray), annealed GFNO-xTB (striped grey) and ReaxFF (pink) geometries.

The systematic decrease in the deviation (AE) of ReaxFF coupled with the increase in
the system’s size can be at least partially linked to its parametrization, which has been carried
out initially on Ptioo clusters.”* However, the energy deviation remains quite large to be
exploitable (around 0.16 eV/atom for Ptse1). Moreover, ReaxFF completely reverses the
canonic relation between the intermetallic distances and NP’s size. GFNO-xTB follows the
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opposite trend and shows a significantly higher deviation for Ptis7, Ptaog, Ptse1than for Pt13 and
Ptss. Although this energy deviation is rather comparable to the one observed for ReaxFF, the
mean Pt-Pt distance on GFNO-xTB structures shows a good agreement with PBE-dDsC
compared with structures optimized with the other low-cost methods. In order to attempt to
decrease the AE for GFNO-xTB and given the rather low computational cost of GFNO-xTB MD,
the GFNO-xTB geometries of Pt147, Ptaos, Ptss1 were further annealed during 50 ps, as explained
in section 2.2.2. This additional annealing step succeeded in reducing modestly the AE of
GFNO-xTB structures for Ptis7 and Ptspe by about 0.03 eV and did not reduce the energy
deviation for Ptse1. In this latter case, longer MD simulation times are probably required. Even
though geometries obtained from GFNO-xTB MD do not provide significant improvements in
AE (eq. 2, all computed at the PBE-dDsC level) with respect to geometries obtained thanks to
ReaxFF for the largest particles, it is still able to provide reliable results for Pt-Pt bond lengths.
Unfortunately, the averaged Pt-Pt bond length of annealed GFNO-xTB structures is not
straightforwardly comparable with the others, since they are generated through a completely
different approach. Finally, DFTB proves itself as the best-performing low-cost method, even
though it causes a systematic compression of Pt NPs (Figure 14B). Its low energy deviation
(less than 0.05 eV/atom) reported for all the investigated particle sizes states that the good
performances exhibited by DFTB for Pt13 and Ptss are maintained when increasing the number
of atoms up to a few hundred. Since the employed parametrization for DFTB has been carried
out solely on Pti3 and Ptss clusters,?® this indicates a good transferability of the set of

parameters.

2.4 Conclusions

In this chapter, we assessed the performances of low-cost computational methods for the

prediction of structural features and energetics of Pt nanoparticles of stoichiometry Pti3, Ptss,
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Ptia7, Ptsos, Ptse1. The chosen low-cost methods were the semiempirical DFTB, GFNO-xTB,
GFN1-xTB, GFN2-xTB and ReaxFF, while the reference DFT functional was the dispersion-
corrected PBE-dDsC. We carried out the benchmark study on four structural datasets,
composed by (1) 14 amorphous and ordered Ptiz NPs, (2) 54 amorphous Ptiz NPs, (3) 93
amorphous Ptss NPs and (4) 5 amorphous NPs of stoichiometry Ptx (x =13, 55, 147, 309, 561).

In the light of the discussed data, the following conclusions can be drawn.

DFTB is by far the method showing the best performances. Its parametrization, carried
out on Pti3 and Ptss NPs, grants a good reproduction of properties for NPs of the same size.
The good agreement with the DFT standard shown for NPs of bigger sizes also proves the good
transferability of the parametrization. The performances of the remaining methods are found
to be morphology- and size-dependent. GFN2-xTB produces reasonable results for amorphous
Pti3 clusters, though not for ordered ones. Moreover, its performances worsen when
increasing the cluster’s size from 13 to 55, before failing the electronic SCC when further
increasing the size of the system. While the agreement between GFNO-xTB and the DFT
standard is quite poor for Pti3, the method provides a satisfactory prediction of structural
features for amorphous Ptss geometries, making it competitive with DFTB. GFNO-xTB is slightly
worsening for Pt1a7, Pt3oe and Ptse1 with respect to smaller clusters, though it outperforms the
other methods on the averaged Pt-Pt bond length. ReaxFF behaves in the opposite way.
Starting from considerably poor performances for Ptiz and Ptss (both for geometries and
energies), its results get better for bigger NPs, becoming competitive with GFNO-xTB for Ptse,
even though the average Pt-Pt bond length is still not well represented. One last notable
conclusion can be drawn about vibrational frequencies: independently from the
parametrization and level of theory, all the tested methods show a deviation in the description
of vibrational features of Pt1s. Since the largest part of the error lies on the vibrational entropy,

49



this indicates a shared intrinsic difficulty in the description of potential wells related to
collective vibrations. However, the error on Gy is around 10 kJ/mol for DFTB, and even
smaller for GFNO-xTB. Although this is far from being perfect, it still represents a good

compromise due to the gain in CPU.

Considering what is here summarized, DFTB turns out to be the most cost-effective
method for predicting geometries and energetics of Pt NPs of all the investigated sizes and
morphologies. However, since our task is to propose a low-level computational method for
fast screening through candidate structures within the “multilevel modelling” of phenomena
involving Pt NPs, a few final remarks have to be made. Although DFTB is the best performing
method presented in this chapter, both the cheaper GFNO-xTB and ReaxFF should not be
entirely discarded. The systematic error structural parameters shown by ReaxFF suggest that
a re-optimization of the parametrization could sensibly improve its performances. At the same
time, the atom-specific parametrization on which GFNO-xTB relies indeed allows to effortlessly
include other atoms into the simulation (while DFTB would require a re-parametrization), thus

opening the path to simulations involving adsorbates or nanoalloys.
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The three investigated parameters are highlighted on a molecular model to facilitate their
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Chapter 3

Unravelling the CO-induced dynamic behaviour of Al,03-

supported Pd nanoparticles at room temperature

3.1 Introduction

Metal nanoparticles (NPs) have a central role in a variety of technologies and industrial
processes and constitute the active phase in many heterogeneous catalysts, which can be
addressed as one of the pillars of modern society. Among them, heterogenous catalysts based
on supported Pd NPs are widely employed in several industrial processes,! both in the liquid?
and in the gas phase,® such as hydrogenation reactions for the synthesis of fine (e.g.,
pharmaceutical compounds)* and bulk chemicals (e.g., terephthalic acid),” as well as for
photocatalytic applications like pollutant removal®’ and hydrogen production.® Nowadays it
is well recognized that supported metal NPs undergo surface and/or structural modifications
under reaction conditions, i.e. in the presence of adsorbates,® which can strongly affect their
catalytic performance. Identifying these environment-dependent phenomena requires a full
characterization of the nature of the surface sites and of their dynamic behaviour when in
interaction with adsorbates, which should go far beyond the fundamental surface studies

regarding metal NPs as rather invariant entities.'®?2 Accessing this information is not
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straightforward and requires coupling multiple cutting edge in situ and operando techniques,

often complemented by DFT calculations.>"%°

In the last years, thanks to the newest advances in both experimental and
computational tools, several evidences of adsorbate-induced phenomena have been reported
for various adsorbate-adsorbent systems.'629 |n this regard, the interaction between Pd NPs
and CO is of pivotal importance not only for its catalytic interest (e.g. CO oxidation is often
regarded as a model reaction), but also because CO is routinely used as a probe molecule
when applying characterization methods based on chemisorption.?! A few evidences of CO-
induced surface phenomena involving Pd NPs have been already reported,??>=2> but in most of
the cases the reconstruction occurs much above room temperature and/or in the presence of
other reactants, i.e. in conditions similar to those found during the reaction of interest, but
far from those commonly adopted for catalyst characterization. To the best of our knowledge,
an exhaustive characterization of the dynamic behaviour of Pd NPs under CO atmosphere at

room temperature is yet to be reported.

To bridge this gap, in this chapter we present a systematic investigation of the dynamic
behaviour of two Pd/Al,O3 catalysts in the presence of CO at room temperature. To this aim,
the CO adsorption process was monitored by coupling three complementary experimental
techniques, i.e. gas-volumetry, adsorption microcalorimetry and IR spectroscopy, applied in
exactly the same experimental conditions. Gas-volumetric measurements provided insight on
the relationship between the CO uptake and the equilibrium pressure. A stepped adsorption
isotherm was obtained for both samples, similar to what already observed for other classes of
materials,?2° but never reported so far for Pd-based systems. In the same range of

equilibrium pressure, adsorption microcalorimetry showed a re-increase in the differential
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heat of adsorption of CO. By monitoring the same phenomenon with IR spectroscopy, we were
able to link these two evidences with a sudden change in the relative distribution of the Pd-
carbonyls, namely a downfall of bridged carbonyls at (100)-like environments and a
simultaneous massive growth of linear carbonyls on defects. These observations, supported
by DFT calculations carried out on model Pd crystal facets, are consistent with a reversible
corrugation of the Pd(100) facet in the NPs entailing the exposure of novel defective surface

sites.

3.2 Experimental & methods

3.2.1 Sample preparation and experimental protocol

The two 5 wt % Pd/Al,03 samples were prepared in the Catalyst Division of Chimet S.p.A. by
dispersing the Pd active phase on a high surface area transition alumina (surface area = 121
m?2 g%; pore volume = 0.43 cm3 g?) following a well-established deposition—precipitation
approach.3° After the Pd deposition, one of the two samples was pre-reduced in liquid phase
by employing HCOONa as a reducing agent. From now on, we will refer to the unreduced
sample as PdAl and to the pre-reduced sample as PdAI(R). Both samples were water-washed
and then dried in the oven at 120 °C overnight. The same samples were the object of an
extensive experimental multi-technique characterization in the past years as reported in ref.
31. Both catalysts are characterized by a high metal dispersion (Dpgai= 36% and Dpgair) = 24%)
as measured by pulsed CO chemisorption. SAX measurements report a particle size
distribution that, even if peaked at around 1.7 nm for both samples, reveals a contribution of
bigger particles for the sample of PdAI(R). The significant exposure of crystalline (100) and

(111) facets by the dispersed Pd NPs has been revealed by TEM pictures.
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As pointed out in ref. 31,30 the precipitated phase of PdAl presents itself as a mixture of
amorphous Pd(OH); and crystalline PdO, while in PdAI(R) the pre-reduced Pd(0) phase
becomes passivated with a PdO film upon being re-exposed to air. Thus, the samples needed
to be further activated and reduced in order to perform CO adsorption measurements on a
clean Pd(0) metallic phase. Prior to each measurement, the samples were inserted into
dedicated custom cells (details in sessions 2.2, 2.3 and 2.4) and brought up from room
temperature (RT) to 120 °C in dynamic vacuum granted by a turbomolecular pump. At this
point, the samples were reduced by three cycles of exposure to ~ 120 mbar of H; at the same
temperature. Water produced during the reduction step was removed by evacuating the
sample at 120 °C up to a residual pressure of ~ 5 10* mbar, measured with a Pirani gauge. At
this point, the incremental adsorption of CO on the activated samples were monitored with
three different techniques (gas-volumetry, adsorption microcalorimetry ad FT-IR
spectroscopy) in the same experimental conditions. During all three kind of experiments, small
successive doses of CO were put in contact with the samples in isothermal conditions until a
first adsorption run was completed (primary adsorption). After a desorption run performed
by simply evacuating of the cell, a secondary adsorption run was performed to inspect the
reversibility of the process. All the experiments presented in section 3.3 have been repeated

from 2 to 3 times to ensure the repeatability of the reported phenomena.

3.2.2 Gas sorption measurements

CO (supplied by Sapio SRL, 99.9998% purity grade) adsorption isotherms were measured at 30
°C in an absolute pressure range spanning from ~ 1 102 mbar to ~ 120 mbar with a high-
performance adsorption analyzer (Micromeritics ASAP 2020). Approximately 1 gram of each
sample, originally in the powder from, were gently pelletized to prevent powder residues from

jumping out of the cell while exposed to sudden pressure changes (which could happen both
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during the activation procedure and the measurement itself). Close attention was dedicated
to the separation of the pellets from the finer powder. The pellets were then inserted in a
custom adsorption cell made in quartz (Figure 1) equipped with connections allowing for
vacuum and thermochemical treatment, and a plug-in thermal jacket, as described in ref. 32.
The sample temperature was kept constant thanks to a thermostatic fluid continuously
flowing through the thermal jacket, connected to an external isothermal liquid bath (Julabo
F25-EH). Prior to the measurements each sample was activated through the activation
protocol described in section 3.2.1. The exact sample weight was measured after the

activation treatment and before the measurement.

Figure 1. The custom cell that has been employed for volumetric measurements is presented. The cell
is composed of a quartz sample container, linked to a valve that can be connected to a vacuum line for
thermochemical treatment with different gas-phase reagents. The sample container can be inserted
in a thermal jacket that grants precise isothermal conditions thanks to a continuous flow of
thermostatic fluid. Italian patent application n°102020000005014 filed on March 9th, 2020 and PCT n.

PCT/IB2021/051769 filled on March 3rd, 2021.
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3.2.3 Adsorption Microcalorimetry

CO adsorption microcalorimetric data were collected at 30 °C by means of a C80 Calvet heat-
flow microcalorimeter (distributed by Setaram) connected to a high-vacuum line, capable of
granting a stable pressure as low as P <1 10 mbar in static conditions. For the same reasons
explained in section 3.2.2, the samples (approximately 1 g) were pelletized and inserted into
a custom quartz calorimetric cell before undergoing the activation procedure and being finally
connected to the volumetric-calorimetric apparatus. During the experiment, small
incremental CO pulses were manually dosed on the activated catalyst and both the integral
heats evolved and the adsorbed amounts were measured for each pulse. The CO pressure in
the vacuum line was measured by a Varian Ceramicell transducer gauge (from ~ 5 102 up to
~ 100-120 mbar). The ratio between the amount of heat evolved for each increment and the
associated adsorbed quantity is equal to the average value of the differential heat of
adsorption in the interval of the adsorbed quantity. For this reason, the plots of differential
heat as a function of CO coverage is represented as histograms. By taking the x middle point

of each partial column, a consistent measure of the differential heat is achieved.

The extremely accurate measurement of the heat of adsorption (+ 0.4 % of accuracy)
was achieved thanks to the following scheme: two identical calorimetric cells, one containing
the sample, the other (empty) serving as reference, were connected in parallel. Thanks to the
differential conception of the apparatus, all side phenomena (i.e., all thermal effects different
from the ones due to the adsorbate-adsorbent interactions) were successfully compensated.
The heat measured in such a gas-solid open system operating in isothermal conditions
represents the enthalpy change (AadsH) involved in the adsorption.3® The completion of the
incremental adsorption process coincides with the formation of the liquid-like CO phase on

the surface of the catalyst, which occurs when the evolved integral heat coincides with the
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heat of vaporization of CO (~ 6.04 kJ/mol). The corresponding equilibrium pressure (~ 100-
120 mbar) was thus employed as a target pressure to complete the adsorption process in

experiments involving the other two techniques.

3.2.4 In situ FT-IR spectroscopy

Transmission FT-IR spectra of the adsorbed CO were acquired with a Bruker Invenio R
spectrophotometer, equipped with a Mercury Cadmium Telluride (MCT) cryo-detector, at a
spectral resolution of 2 cm™. The background spectrum was recorded on an empty chamber
and averaged on 64 scans, while the subsequent spectra were averaged on 32 scans. The
samples (approximately 5-10 mg) were pressed into self-supporting thin pellets and inserted
in a gold envelop acting as a sample holder. Afterwards, they were activated into a
transmission cell made in quartz, equipped with two parallel KBr windows (optical path ~ 2

mm), and measured in the same cell at beam temperature.

In situ experiments were performed in the same way as for adsorption
microcalorimetry, though with a slight but unbridgeable difference. To be able to closely
follow the adsorption process, it is mandatory to provide very low incremental doses of
adsorbate, thus entailing the risk of approaching the limit of sensitivity of the pressure gauge.
For microcalorimetry and gas-volumetry this issue was overcome by measuring a great
amount of sample (~ 1 g) per experiment. On the other hand, too thick pellets are not
measurable by transmission FT-IR spectroscopy because they completely absorb all the
incoming radiation (i.e. zero transmittance). Thus, one is usually forced to work with extremely
thin pellets, meaning an amount of sample which is orders of magnitude lower (average
weight of ~ 5-10 mg) compared with the other two techniques. For this reason, we were

forced to perform the first adsorption steps (up to a total pressure of ~ 10 mbar) by dosing a
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10% CO/He mixture in order to gradually follow the early stages of the process. Small
incremental CO pulses (from a partial pressure of CO of ~ 5 103 mbar to ~ 100 mbar) were

manually dosed on the activated catalyst and one FT-IR spectrum was acquired for each pulse.

3.2.5 Fit of the IR spectra

The series of FT-IR spectra acquired during the primary adsorption of CO on both PdAIl and
PdAI(R) were the object of a spectral fitting procedure devoted to analyse the behaviour of
each type of Pd-carbonyl as a function of the CO coverage by extracting their individual
contributions to the whole spectrum throughout a primary adsorption run. IR bands for solids
have usually a Gaussian line-shape, while for liquids a Lorentzian function is mostly used. For
adsorbed molecular probes, the situation is more ambiguous and should be evaluated case by
case.3* For the present case of the adsorption of CO on Pd, the adsorbate-adsorbent
interaction is ruled by m-back donation and the associated average energy (~ 120 kJ/mol) is
comparable with the weakest chemical bonds. Thus, we decided to treat the CO molecule as
firmly anchored to the solid surface and to represent the single contributions of the Pd-
carbonyl types as Gaussian functions. We are aware that the validity of this approximation is
expected to decrease with the average strength of the Pd-CO bond (e.g., at the latest stages
of the adsorption). Nonetheless, we decided to keep the Gaussian as the only employed
functional form and to not take into account any Lorentzian contribution to avoid an

overparameterization of the model.

Each IR spectrum was thus fitted as a sum of 6 gaussian components, representing 6
types of Pd-carbonyls: 3 types of linear carbonyls, i.e. on extended surfaces (linear), and on
two types of defects characterized by increased under-coordination (defective linear | and

defective linear Il); one type of two-fold bridged carbonyl (bridged); two types of 3-fold hollow
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carbonyls (3-fold hollow I and 3-fold hollow I1). Fits were performed by employing the curve_fit
function of the scipy.optimize python package. The initial values of the parameters of the
gaussian functions (center, amplitude and sigma) were set on the basis of the existing
literature3>38 and were left free to vary during the error minimization according to some
constraints, chosen with the goal of reproducing the complex physical chemistry of the
system. For example, stricter constrains were adopted at the early stages of the adsorption
(featuring low-intensity, wide and non-shifting bands) while looser ones were needed to

follow the more complex evolution of the spectra at high coverage.

In a situation like this, when the incremental adsorption of a molecular probe on a
multitude of different adsorption sites is monitored with IR spectroscopy, it can be useful to
extract the so-called “optical isotherms”. These last can be built by plotting a spectroscopic
descriptor of the adsorbed quantity (known as the optical coverage (Uopt)) against the
equilibrium pressure at each adsorption step. Here, since we do not have interest in the
calculation of the molar absorptivity of the Pd-CO species, Uopt is represented by the
normalized integrated area of the bands associated with each Pd-CO type and it is defined as

follows:

A, ;
Ay = (1)

An,max

where A, ; is the integrated area of the band associated with the n-th Pd-CO type at the i-th
adsorption step, A, mayx is the integrated area of the same band at its maximum, and the
asterisk means “normalized”. Unfortunately, the employment of a 10% mixture CO/He in our
FT-IR experiments hampers a correct measurement of the partial equilibrium pressure of CO.
In such a situation, we decided to replace the equilibrium pressure with another descriptor of

the adsorption progression as a whole, defined as:
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ATOT,i

(2)

* —
ATOT - A
TOT max

where Aror; is the integrated area of the total fit spectrum at the i-th adsorption step and
Arormax 15 the integrated area of the total spectrum at its maximum. Even though this
approach prevents us from quantitative consideration on the abundance of the different Pd-
CO types, it provides a qualitative insight on the evolution of each component during the

adsorption process.

3.2.6 Computational details

All DFT calculations in this chapter were carried out within the plane-wave formalism
exploiting the VASP3%4° code (version 5.4.4). The revised version of the PBE functional
(RPBE),** specifically developed for predicting adsorption energetics for CO on metallic
surfaces, has been employed with an energy cutoff of 530 eV. Core electrons were treated
according to the PAW formalism.*? A Methfessel-Paxton smearing of order 2 (o = 0.06 eV) has
been adopted to facilitate the convergence of all the electronic SCF minimizations,*? for which
a threshold of 10® eV has been set. All the geometries were optimized with the conjugate

gradient algorithm until the residual forces were below 0.02 eV/A.

As outlined in section 3.2.1, the average size of Pd NPs in the investigated samples falls
around 1.7 nm, which corresponds to a NP of ~ 300 atoms in average.** Unfortunately,
targeting adsorbate-induced phenomena in a system consisting of an explicit NP of this size is
unfeasible in a full DFT approach, even avoiding to take into account the contribution of the
support. Thus, in our first approximation, we decided to neglect the nano-effects due to the
nanometric size of NPs and to approach the problem by considering extended Pd surfaces.
This approach is also supported by the fact that NPs in the investigated samples mostly tend

to expose well-defined crystal facets.?! In the light of this consideration, we carried out the
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generation of the Pd slabs starting by optimizing the bulk Pd, obtaining a calculated lattice
parameter (3.979 A) in well agreement with experimental data.*> The cut periodic slabs for
each facet consist of a different number of metallic layers, chosen with the aim of
guaranteeing a 14 A thick layer of metallic phase, while the vacuum layer was set to 20 A. In
all cases, the 60% along the z axis of the metallic layer was frozen, leaving the remaining 40%
free to evolve upon geometry optimization. In this fashion, 1x1 slabs of the bare Pd(100),
Pd(111), Pd(110), Pd(210), Pd(310), Pd(211) and Pd(311) facets were built and CO adsorption
in the high-coverage regime was explored for the Pd(100), Pd(111) and Pd(110) facets.
Periodic slabs of a 2x2, 4x1 and 5x1 surface multiplicity were built for CO adsorption at the
Pd(100) facet in the case of 8 =1, 8 = 0.75 and 6 = 0.8 respectively, while 1x1 slabs were
adopted for CO adsorption at Pd(111) and Pd(110). The exploration of the high CO coverage
regime was meant to identify the CO saturation coverage (Bsat), which should correspond to
the coverage regime for which experimental observations (discussed in the next section)
indicate the occurrence of an unconventional adsorption behavior in the two catalysts. Bsat
was here identified according to two criteria: (i) the saturation coverage of CO on a Pd crystal
facet should correspond to the minimum of the surface energy of each slab with respect to
the coverage itself and (ii) Bsat should correspond to a situation where the CO surface density
(psurf) does not exceed the limit psurf beyond which the Van der Waals radii of adjacent CO

molecules get overlapped (i.e. ~ 0.11 A?2).

The surface free energy of the relaxed Pd facets ('), was evaluated according to the

following equations:

T = 2Ty — Ty (3)
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gas

Gsiab — NouiGpuik — NeoGeo (4)
ZAslab

Ty =

where eq. 3 is necessary to compensate the error arising from the building of asymmetric slabs
in which just a fraction of the metallic layers are fully relaxed upon geometry optimization.4®
v is the average surface energy of the asymmetric slab, and Gsab and Gpuk are the free
energies of the considered slab and the bulk Pd (per Pd atom), respectively. Gsiab and Gpuik Will
be approximated to their corresponding total energies. Npuk is the number of Pd atoms
included in the slab unit cell. Gco8*is the free energy of the CO molecule in the gas phase, Nco
being the number of adsorbed CO molecules. Agab is the area of one side of the slab. 'y is the
surface energy of the non-relaxed slab evaluated without adsorbate molecules (at the bulk
geometry), defined in a similar way as in eq. 4, with Nco = 0. Notably, given the modest
modification (below 300 cm™) occurring in the CO vibrational frequency upon adsorption, we
decided to neglect the effect of the adsorption on the CO vibrational free energy, considering
it as an invariant during the adsorption process. Thus, the temperature-dependent free energy

of CO in the gas phase has been approximated to:
Géggs(T) = ECO + Gtrasl(T) + Grot(T) (5)

where Eco is the total energy, while Giasl(T) and Grot(T) are the temperature-dependent
translational and rotational free energies of the a gas-phase CO molecule. In all calculations
the temperature (T) has been set to 303.15 K. The Wulff theorem has been adopted to
compute the coverage dependent exposed fraction of each facet on the basis of the
corresponding Mn.*” The graphical visualization and structural manipulation of the slabs, as

well as the images rendering, was performed with VESTA (version 4.0.0).%8
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3.3 Results and discussion

3.3.1 Unexpected behaviour in the CO adsorption isotherms and in the CO adsorption heats

Figure 2 shows the primary CO adsorption isotherms for both PdAl (part A) and PdAI(R)
(part B) in the whole pressure range investigated. PdAI(R) shows a significantly lower CO
uptake with respect to PdAI (~ 0.08 mmol/g against ~ 0.014 mmol/g, respectively), which is
in perfect agreement with what already quantified by pulsed CO chemisorption.3! Beside this
difference, the behaviour of the two adsorption isotherms is the same for the two catalysts
and can be described as follows. At the early stages of the adsorption process (light blue points
in Figure 2) the two isotherms show a “classic behaviour”: the initial sharp increase in the
adsorbed quantity as a function of the equilibrium pressure reflects the strong adsorbate-
adsorbent interaction occurring between CO and Pd(0) NPs. After this first stage, the slope of
the curves starts decreasing as if it was approaching a plateau. At this point, which will be
referred as “turning point” in the following (dark blue), as the adsorption run goes on, a
second sharp increase in the adsorbed quantity is observed (orange points). This gives birth
to a stepped region, which represents an “anomaly” in an adsorption isotherm. After that, the
CO adsorbed quantity finally reaches a plateau. This behaviour is suggesting that, in the
pressure range corresponding to the stepped region, something is occurring that is making
the adsorption process extremely more favoured with respect to the situation found at lower
pressures (insets in Figure 2). A similar behaviour was already reported for some classes of
materials such as metal organic frameworks (MOF)?%?7 and zeolites,?®?° and was ascribed to
the occurrence of cooperative phenomena between adsorbate and adsorbent phases, such as
adsorbate-induced phase transitions and/or framework deformations occurring in the
material that make further adsorption events more exergonic than the previous ones.
However, this was never reported for Pd NPs so far.
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Figure 2. Volumetric isotherms for the adsorption of CO at room temperature on PdAl (part A) and PdAI(R) (part
B). Each adsorption isotherm is divided into a pre-step (light blue) and a post-step (light orange) region. The
starting (light blue), turning (blue) and final (orange) points are represented as bigger circles. The insets present

a magnification of the step region for the two isotherms.

It is worth noticing that a few points collected immediately after the second sharp
increase in the adsorbed quantity are observed to fall at higher adsorbed quantity but lower
equilibrium pressures with respect to the previous ones. Though this may seem
counterintuitive, the reason behind this behaviour resides in the operating mode of the
instrument. Indeed, to be able to build an isotherm featuring a dense grid of points even at
the very first stages of the adsorption, the instrument does not seek a specific equilibrium
pressure to collect a point, but a specific adsorbed amount (which in this cases is set to 0.005
mmol/g). Then, after the isotherm has reached a plateau, a classic equilibrium pressure dosing
is reestablished. In the light of this, if some modification in the adsorbent occur that makes
the adsorption more favourable for a given point than for the immediately previous one, the

behaviour here discussed is consistent.

The primary CO adsorption on both PdAl and PdAI(R) was successively monitored by
microcalorimetry. Figure 3 shows the microcalorimetric adsorption isotherms, while Figure 4
shows the differential heat of adsorption (qairs) of CO as a function of its coverage. The general

behaviour is qualitatively the same for both catalysts, even though the absolute numbers are
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different. The first adsorption events are characterized by a differential heat of adsorption of
~ 200 kJ/mol, which is in good agreement with the values reported in the specialized literature
and can be ascribed to CO adsorption on defects and to bridged and 3-fold hollow CO on the
smallest Pd NPs.*>°% Then, quiff reaches a plateau at ~ 115 kJ/mol, which indicates that the
adsorption process takes place at sites with similar interaction strength, before dropping to
the heat of vaporization of CO at 6 klJ/mol. Slightly higher adsorption heat values (by ~ 15
kJ/mol) are registered for PdAI(R) with respect to PdAl. This observation is justified by
literature findings, according to which beyond the threshold cluster size of 50-100 atoms, the

heat of adsorption of CO is expected to increase with the increasing particle size.**>2

Importantly, an unexpected behaviour in the measured qqifr is observed for both
catalysts exactly in the same pressure range of that found for the adsorption isotherms:
instead of decreasing gradually and monotonously upon increasing the coverage, as normally
expected for an adsorption process, qqi slightly re-increases at the end of the plateau (dark
blue bar), right before the final drop corresponding to CO liquefaction. Using other words, the
sum of all the thermal events occurring in correspondence of the dark blue blocks in Figure 4

is more exothermic if compared to the situation found at lower coverage.

Taken together, the observations of an unexpected behaviour in both CO adsorption
isotherms and CO adsorption heats strongly suggest the occurrence of some phenomenon
involving the adsorbent (Pd NPs), which makes the further adsorption events more favoured

than the previous ones.

81



0.18

0.15
0.14]
0.12
a10] |
0os]?
0.06]
004
ool
0004

Quantity adsorbed {mmol/g)

60 80
Qe (kI/mol)

T
100

120

Quantity adsorbed {(mmol/g)

0.18

0.16 ]
0.14
0.12
0.10
&%—:
0069
QOﬂ—i

0.02 —4%9;*'\’ -

0.00=

T T
60 80 120

Qs (ki/mol)

Figure 3. microcalorimetric isotherms for the primary and secondary adsorption of CO on PdAIl (part A) and

PdAI(R) (part B). Each primary adsorption isotherm is divided into a pre-step (light blue) and a post-step (light

orange) region. The starting (black), turning (blue) and final (orange) points are represented as bigger circles. The

secondary adsorption isotherms are reported in grey.

A) 240
210

S
180,
150!

1204

Qg (k)/mol)

S0

60

0.02

0.04

PdAl

006 0.08 010 0.12
Quantity adsorbed (mmol/g)

0.14

0.16

0.18

240

B)
2104,
1801
1501
1201

Qg (kI/mol)

90
60
304

0

PdAI(R)

0.00

T
006 008 010 012 0.18

Quantity adsorbed (mmol/g)

T
002 004 0.14 016

Figure 4. Differential heat of adsorption of CO on PdAI (part A) and PdAI(R) (part B). Each plot is divided into a

pre-step (light blue) and a post-step (light orange) region. The mean point of each column, which represents the

true measure of the differential heat, is connected to the adjacent one through a straight line to guide the eye.

The starting, turning and final points are represented as bigger circles on light blue, blue and orange columns.

3.3.2 Identifying the CO adsorption sites and their dynamics

In order to identify the adsorption sites involved at each adsorption step and to monitor their

evolution during the incremental adsorption, we turned our attention to IR spectroscopy,

which is known to be extremely sensitive to the nature of the adsorption sites.'3>3>% Figure 5

shows the sequence of IR spectra collected at increasing CO pulses for the two catalysts. The

whole sequences are divided in two parts in order to better visualizing the changes occurring.

Generally speaking, since the very beginning, the spectra are characterized by four main
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absorption bands, whose assignment can be done straightforwardly according to the
literature.3>38 Band |, at ~ 2080 cm™* at Bmin, is ascribed to linear carbonyls on extended (111)
facets; band Il, at ~ 2060 cm™ at Bmin, is ascribed to linear carbonyls on defective sites; band
I, at ~ 1975 cm™ at Bmin, is ascribed to bridged carbonyls on Pd(100)-like environments; and
finally band IV, at ~ 1915 cm™ at Omin, is ascribed to 3-fold hollow carbonyls on Pd(111)-like

environments.
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Figure 5. Sequence of in situ FT-IR spectra collected while dosing small incremental CO pulses on PdAI (part A)
and the PdAI(R) (part B) samples. Bold spectra were collected at a partial CO equilibrium pressure of ~ 5 103
mbar (light blue), ~ 1 mbar (blue) and ~ 100 mbar (orange). The spectra referring to the low coverage regime
are reported in light blue, while the spectra referring to the high coverage regime are reported in orange. All the

spectra are reported after subtracting that collected before CO dosage.

At the smallest CO doses (Figure 5A’ and Figure 5B’), one should expect isolated CO

molecules adsorbing far away from each other. Nevertheless, none of the Pd-CO species is
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oscillating at its singleton frequency, which is expected at lower wavenumbers.> This
observation suggests that, since the lowest coverage, CO is adsorbing on the Pd surface
forming islands.>> All the four absorption bands monotonically grow in intensity upon
increasing the CO coverage, without shifting in position, up to a turning point (highlighted in
dark blue) that roughly corresponds to the CO pressure range at which both CO adsorption
isotherms and heat of adsorption showed an unexpected behaviour. Overpassing this
threshold (Figure 5A” and Figure 5B”): i) bands | and Il massively grow in intensity and upward
shift by ~ 6-10 cm™ for PdAI(R) and PdAl, respectively; ii) band Il considerably decreases in
intensity without undergoing any significant shift (< 2 cm); iii) band IV keeps on growing,
simultaneously shifting at higher wavenumbers. The final IR spectra collected at Bmax are the
same as those already published in ref. 31. The differences among the two samples, in terms
of bands position and relative intensity, reflect the morphological differences of the Pd NPs in
the two catalysts. The described behaviour suggests that the two unexpected phenomena
registered independently by gas-volumetry and microcalorimetry is associated to a
modification of the relative abundance of the carbonyls species at the surface of Pd NPs. To
shed more light on this complex behaviour, we adopted a sequential spectral fitting procedure
to follow the evolution of each Pd-CO species throughout the adsorption process. Even though
four main bands are straightforwardly identifiable in the IR spectra, bands Il and IV are
characterized by a strong asymmetry due to the presence of a tail at lower wavenumbers. For
this reason, not reasonable fits were obtained by including only four components and we had
to consider two additional bands: one at around 2040 cm™ ascribable to a second type of
defective linear carbonyls and the other at around 1860 cm™ ascribable to a second type of 3-
fold hollow carbonyls. Figure 6 shows the most representative results for PdAl, while those for

PdAI(R) are reported in Figure 7.
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Figure 6A shows the best fits for three representative IR spectra, corresponding to low
CO coverage, turning point and maximum CO coverage. The fit (in red) is overlapped to the
experimental spectrum (in black) and to the six single components: linear, defective linear |,
defective linear Il, bridged, 3-fold hollow | and 3-fold hollow Il. Figure 6B shows the evolution
of the normalized integrated areas of each Pd-CO type (4;,) plotted against the normalized
integrated area of the total spectrum (A%r). In this plot the contributions of the two linear
carbonyls on defects (defective linear | and defective linear 1l) were summed together, as well
as the contributions of the two types of 3-fold hollow carbonyls (3-fold hollow | and 3-fold
hollow Il). It is evident that in the low CO coverage regime, all the four types of carbonyls
monotonously grow with coverage, with bridged (band Ill) and 3-fold hollow (band IV)
carbonyls growing much faster than linear ones (bands | and Il). At the turning point, the
overall integrated area of band Il drastically drops, while that of bands | and Il grow at a
significantly higher rate than before. The evolution of all the fitted parameters is presented in

Figure 8 and Figure 9 for PdAl and PdAI(R), respectively.
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The most important contribution of this analysis is pointing out that the massive
growth of bands | & Il (associated to linear carbonyls) after the turning point is mainly due to
band Il, i.e. carbonyl species on defective sites. Hence, the drastic decrease in the amount of
bridged carbonyls (band Ill) occurs simultaneously to the increase of linear carbonyls on
defective sites. This behaviour, coupled with the above-mentioned volumetric and
calorimetric observations, strongly suggests that, once reached the turning coverage, Pd NPs
undergo a CO-induced surface reconstruction consisting in a corrugation of the Pd(100) facets
entailing the exposure of novel defective sites, characterized by a higher adsorption energy.
It is important to notice that such a reconstruction should be an endothermic process. Hence,
the overall increase in the heat of CO adsorption measured by microcalorimetry in the
reconstruction region indicates that the higher CO adsorption energy at the novel defective

sites over-compensates the endothermic heat associated with the reconstruction.

3.3.3 Reversibility of the process

Once completed the primary adsorption, the reversibility of the whole adsorption
process was inspected for PdAl: to this aim the reversible fraction of the Pd-CO species was
desorbed at room temperature, as reported in Figure 10. This was followed by a secondary
adsorption run at the same temperature, which was monitored again with all the three
mentioned techniques (Figure 11). All the three techniques agree on that a significant fraction
of the Pd-CO species is retained on the surface upon desorption at room temperature,
denoting a certain degree of irreversibility in the bonding of CO to the Pd surface. In particular,
the volumetric isotherm (grey dots in Figure 11A) indicates that almost 80% of CO remains
adsorbed after evacuation at room temperature which, according to IR spectroscopy (Figure
11B, black spectrum in the bottom), correspond to linear carbonyls on defects, bridged and 3-
fold hollow CO.
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Figure 10. Volumetric isotherm (part A) and FT-IR spectra (part B) for the primary adsorption and desorption of
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sections. Data reported in red in panel (A) and (B”) are collected by desorbing CO through subsequent
expansions. Spectra from cyan to black in panel (B"’) are acquired while evacuating the sample. Panel (C) reports
the difference between the spectra corresponding to the maximum amplitude of the bridged band during
primary adsorption (B’) and desorption (B”’). Besides highlighting a mild shift towards lower wavenumber in the
bridged band, the difference spectrum spots a slightly higher fraction of defective linear, bridged and 3-fold

hollows carbonyls in desorption rather than in adsorption.

The Pd-CO species which are formed during the secondary adsorption are
characterized by much milder values of differential heat of adsorption (grey bars in Figure
11C), suggesting that only the weakest sites are being populated throughout the secondary
adsorption. However, a close inspection to the IR spectra acquired during the secondary
adsorption run (Figure 11B) reveals that a surface reconstruction is taking place also in this
case, which leads to a situation that is almost undistinguishable from what is obtained at the

end of the first adsorption run, even though it follows a slightly different path (Figure 10C).
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Volumetric and calorimetric data look less informative at first sight. The reason is that, as
highlighted by FT-IR spectroscopy, the surface reconstruction phenomenon takes place at the
very first stages of secondary adsorption. Thus, a step in the adsorbed quantity cannot be
detected in the secondary adsorption isotherm. On the other hand, the fact that the first heat
of adsorption value measured for the secondary adsorption run is higher than what measured
for the plateau over the primary adsorption, supports the claim that a surface reconstruction

is taking place at the very beginning of the secondary adsorption process.

A) B) oo
p— 0.14 ~5_@—0—0—0——0—0— 5] a—— 0
i o 0.8
< 012479
E o 0.7 4
E 010 ‘ o5 f\
o o 061
o g
2@ 0085 e 1 \/\
2 I o 0.5
o 5 2
& 006 S 04
o » o
Z 004 < 3]
b 9 A At A A& o A
8 002400 0.2-
é %
0.004 i . . : j . 0.1
0 20 40 60 80 100 120 140 0.0 bt
Absolute pressure (mbar) 0.9
C) 240 0.84
2104 0.7
1 0.6
_ 180 4 i 8 . \\
T 1504 £ os/ -
£ £
g 120 4 | ﬁ 0.4 4
% 904 < 034
T
60 0.2
) &Tmm o]
0 T T T . T 0.0 = T T T T T T T
000 002 004 006 008 010 012 014 016 0.18 2150 2100 2050 2000 1950 1900 1850 1800 1750 1700
Quantity adsorbed (mmol/g) Wavenumbers (cm!)

Figure 11. Volumetric isotherms (A), in situ FT-IR spectra (B) and heat of adsorption (C) for the primary and
secondary adsorption of CO on the PdAl sample. For the three cases, the secondary adsorption is represented in
grey (the first step being represented in black), with the turning point represented as a bold light grey spectrum
in panel (B) and a bigger light grey triangle in panel (A) and (C). The final point is represented as a bold dark grey
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represented with the same colour code as reported earlier.
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3.3.4 Computational insights

The computed M and the relative exposed fractions of the bare Pd(100), Pd(111), Pd(110),
Pd(210), Pd(310), Pd(211) and Pd(311) facets are reported in Figure 12 together with the
corresponding Wulff construction of the equilibrium shape of a resulting NP. This last,
corresponding to a truncated octahedron morphology mainly exposing (100) and (111) facets,
is in excellent agreement with the existing literature,®® thus validating the choice of the
functional and the general computational setup. Besides exploring CO adsorption in the high
coverage regime for the two most exposed facets (i.e., Pd(100) and Pd(111)), we decided to
take into account the effect of CO adsorption on the edges by considering the only Pd(100)
facet. In our first approach, the exploration of CO adsorption on higher-index facets has been

neglected.

The coverage-dependent psuf, free energies of adsorption (Gags) and Tl for the
adsorption of CO at different coverages are reported in Table 1 for the three mentioned Pd
facets. As outlined in section 3.2.6, the reported values of ' allow to identify the saturation
coverage for the three Pd facets, which turns out to be 0.75 for Pd(100) and Pd(111) and 1 for
Pd(110). This finding is consistent with the observations that can be made regarding the
corresponding psurf. Indeed, the “corrugated” nature of the (110) facet allows CO molecules
to adsorb without overlapping their Van der Waals radii already at 8 = 1, while lower 8 values

are required to satisfy this condition on the low-index and flat (100) and (111) facets.

According to the exposed fractions of the three considered facets reported in Figure
6A, the contribution of the Pd(110) facet becomes negligible at Bsat. In the same situation,
Figure 6B reports an over-stabilization of the Pd(100) facet with respect to Pd(111) which,

unexpectedly, could suggest the occurrence of a surface reconstruction process in which the
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exposed Pd(111) facets are converted into Pd(100). However, by looking at the evolution of
the Pd(100) slab upon geometry optimization at .. (Figure 6C), a beginning of surface
corrugation is observed. This suggests that the observed over-stabilization of the Pd(100) facet
is due to the corrugation arising from CO adsorption. This last observation supports the claim
that the unexpected adsorption behaviour addressed experimentally in the previous sections

is due to a CO-induced corrugation of the Pd(100) facets within the catalyst.

(hkl) M (3/m?) fraction Wulff Construction

(100) 1.28 0.16

(210) 1.41 0.0

|

Figure 12. Surface energies, exposed fractions and corresponding Wulff construction for the considered bare

Pd(100), Pd(111), Pd(110), Pd(210), Pd(310), Pd(211) and Pd(311) facets.

Table Al. Notable parameters extracted from the calculations of CO adsorption at Pd (100), Pd(111) and Pd

(110) surfaces.

psurf is the CO surface density, Gags is the adsorption free energy and I is the surface energy as described in

section 3.2.6.

(hkl) ] psurt (A2) Gads (kJ/mol) Mhia (J/m?)

(100) 0.75 0.095 -0.55 0.056

0.8 0.10 -55.1 0.089

1 0.13 -75.1 0.456

(111) 0.75 0.11 -68.5 0.079

1 0.15 -37.6 1.098

(100) 1 0.089 -79.5 0.122
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Figure 13. (A) Thw and corresponding exposed fraction for the Pd(100), Pd(111) and Pd(110) facets at CO
saturation coverage (i.e. 8 = 0.75). (B) Schematic plot of ' vs 8 for the Pd (100) and Pd(111) facets. (C) Side and
top view of the Pd(100) slab before (8 = 0) and after being geometry optimized with CO adsorbed at saturation

coverage (8 = 0.75). The pink arrows are added to highlight the direction of the corrugation.

3.4 Conclusions

The interaction of CO with Pd NPs is a topic of wide fundamental interest and also high
practical relevance. Indeed, Pd-based systems are involved in the catalytic conversion of CO
in a variety of valuable chemical compounds, but have a prominent role also in the field of
hydrogen purification and pollution abatement. Last, but not least, CO is the most used probe

in the characterization of Pd NPs, and it is widely adopted for a rapid and efficient evaluation
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of the metal dispersion through pulsed chemisorption methods. It is well assessed that CO
adsorption at high temperature, representative of many catalytic reactions, can cause
important surface and structural modification in Pd NPs, with evident consequences on the
activity and selectivity of the processes. In contrast, the occurrence of such kind of
phenomena at milder temperature is by far less documented, despite its importance for a

correct interpretation of the characterization data.

In this work, we tried to fill this gap by synergically combining gas-volumetry,
adsorption micro-calorimetry and IR spectroscopy, in the atomic-level investigation of the
interaction of CO with Al,Os-supported Pd NPs, both qualitatively (adsorption modes and
sites) and quantitatively (adsorbed quantity and heat of adsorption), as a function of the CO
coverage. An anomalous step in the volumetric isotherm was observed for the first time at a
relative pressure corresponding approximately to 80% of the maximum coverage. This was
accompanied by an unexpected increase in the heat of adsorption. Both observations were
correlated with a drastic modification in the relative proportions of adsorbed carbonyls, as
revealed by IR spectroscopy. In particular, a massive increase in the amount of linear carbonyls
at defect sites was detected, at the expense of bridged carbonyls. These three experimental
observations, together, provided a unprecedent insights on a CO-induced surface
reconstruction involving the (100) surface and entailing the creation of new, defective,
adsorption sites. This was confirmed by preliminary computational simulations, carried out by
adopting the infinite slab approach, which predicted that the (100) surface can be corrugated

by CO adsorption at the saturation coverage.

As a final conclusion, it is important to notice that the three experimental techniques

adopted in this work are nowadays widely available in standard research laboratories, do not
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require access to any large-scale facility, but only a rigorous and systematic operation mode.
As such, the experimental approach here proposed can be easily extended to other metals
and other probes, and has the potential to provide a methodological benchmark in the field

of characterization of adsorbate-induced phenomena in supported metal NPs.
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Chapter 4

Probing the micro- and meso-structure of activated carbons

with Gas Sorption and Small Angle Neutron Scattering

4.1. Introduction

Activated carbons (ACs) are extremely popular materials, widely employed as catalytic
supports or catalysts on their own, adsorbents, storage materials and even components of
electrochemical cells.™® Obtained from different carbonaceous precursors (wood, peat,
coconut shells, etc.) they can develop a series of pores which remarkably increase their surface
area, thanks to the activation process that can be either of physical or chemical nature.>® In
physical activations, the precursor is pyrolyzed at high temperature in an inert atmosphere and
subsequently activated with weak reactants like water steam or CO3, while in the latter case
the carbonaceous precursor is impregnated with a chemical agent (e.g., ZnCl, or H3PQO4) prior
to the carbonization step. The thus activated samples can be further modified by post
activation treatments,”° for example by oxidation. Both the precursor material and the
activation process are known to affect the textural properties,’*? as well as the nature and
abundance of functional groups, which are fundamental for their chemical properties.’3-1°

Despite their popularity, the debate on the micro- and meso-structure of ACs and its impact

on the activity of these materials is still open. The reason behind this open question lies in the
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highly disordered nature of these materials, coupled with the intrinsic limitations affecting
routine techniques employed for their characterization. For example, inferring the Pore Size
Distribution (PSD) from gas sorption measurements requires strong assumptions on the pore
geometry (routinely assuming a slit-like shape),'®*” while conventional X-Rays Diffraction (XRD)
is blind to the structural organization of these materials, lacking long-range order. In the last
decade, the widely accepted model of activated carbons as an ensemble of cross-linked flat
graphitic platelets, randomly oriented to create voids (i.e. micropores), has been widely
questioned.'®1820 The contribution of curved domains could be necessary to explain
experimental data from several techniques. For example, the interpretation of the broadening
of the XRD peaks in activated carbons as due to the crystallite size shrinking can be indeed
combined with the presence of curved domains. Arising from the presence of non-hexagonal
rings formed during the activation process, the contribution of curved layers could give the
micropore structure a quite different look compared with the conventional model. In this
regards, a previous Inelastic Neutron Scattering (INS) study published by our group, did
unequivocally show that a model including curved and defective graphitic platelets was

essential to reproduce the experimental spectra of several ACs.*

Given the limitations of conventional techniques, adding Small Angle Scattering to the
puzzle is generally known as suitable for accessing topological information at the required
dimensional scale both for crystalline and amorphous samples.?"2> Moreover, employing
Small Angle Neutron Scattering (SANS) over the X-ray analogue (SAXS) has the unique
advantage of (1) granting of high sensitivity for the main atoms constituting activated carbons
(H and C) and (2) providing information about pore accessibility by gradually filling the pores

with a contrast matching agent, like D20.%
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Thus, in this section we present a study in which SANS has been coupled with N, Ar
and CO; sorption in order to shed light on the complex nature of five AC samples of different
origin (wood, peat) and activation (steam, HNOs3) on the micro- and mesoscale. Once
established Ar as the best suited probe to characterize the porosity of activated carbons by gas
sorption, the corresponding PSDs were inferred by means of NL-DFT allowing an accurate
measurement of the accessible pore volume. Subsequently, on the basis of the mentioned Ar-
PSDs, a SANS experiment employing D0 as a contrast matching agent has been performed.
By coupling data obtained with the two techniques, detailed information concerning the
porosity and microstructure of the samples at issues can be accessed, pointing out analogies

and differences between the impact of the activation procedure with an unprecedented detail.

4.2. Experimental & methods

4.2.1 Samples

All the ACs investigated in this work are provided by Chimet S.p.A.?> The experiments were
focused on five samples (namely Cwa, Cwa-ox, Cch, Cch-ox and Cpa) of different origin and
activation (see Table 1). Three of the carbons (Cwa, Cwa-ox and Cpa) were activated by steam,
while Cch and Cch-ox were chemically activated with H3POa. Cwa-ox and Cch-ox were further
oxidized with concentrated HNOs (67% w/w) at room temperature (RT) for 24 h. All the carbons
contain a minor amount of ashes (below 3 wt %).2* The ACs in Table 1 are the same that have
been previously explored with a multi-technique approach by the group in order to assess the
identity and amount of functional group at the surface.!®> The possibility to analyse the same
set of samples in term of (micro)structure (here) and functionality (before) would permit to

rationalize a possible relationship between these two important parameters of ACs.
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Table 1. Summary of the synthetic history of the investigated samples

Cwa cwa-ox Cch Cch-ox Cpa
Origin wood wood wood wood peat
L physical physical chemical chemical physical
Activation
(steam) (steam) (H3POa4) (H3PO4) (steam)
Oxidation no yes no yes no

4.2.2 Gas sorption measurements

Ar and N adsorption isotherms were collected at the liquefaction temperature of each probe
molecule (87 K and 77 K, respectively) with a commercial high-performance adsorption
analyzer (Micromeritics 3Flex) in the whole p/po range. The samples were analyzed in a
designated commercial cell and the temperature was kept constant during the measurement
by means of a dewar filled either with liquid Ar or N,. CO, adsorption isotherms were collected
at 273 K by means of the high-performance adsorption analyzer Micromeritics ASAP 2020,
allowing to cover a p/po range up to ~ 0.03. The samples were analysed in a custom quartz
cell (already presented in section 2.2 of Chapter 3) equipped with connections allowing for
vacuum and thermochemical treatment, and a plug-in thermal jacket, as described in ref 26.
The sample temperature was kept constant thanks to a thermostatic fluid continuously flowing
through the thermal jacket, connected to an external isothermal liquid bath (Julabo F25-EH).
Prior to any Ar, N2 and CO, measurement, the samples (approximately 60 mg, in the powder

form) were evacuated at 120 °C for 2 h by means of a rotary-vane vacuum pump.

The collected isotherms were post treated according to the Brunauer—Emmett—Teller
(BET)?” and Rouquerol?® theory to evaluate their BET SSA. The Pore Size Distribution (PSD) of
each sample was inferred by means of Non Local Density Functional Theory (NL-DFT), within

the assumption of slit-shaped pores. For all cases a “Heterogeneous Surface 2D NL-DFT”
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model'’” was employed to take into account the heterogeneity of the carbon surface. Insight
concerning the pore network was obtained by coupling the NL-DFT analysis of both adsorption

and desorption data. Details regarding the isotherm fit can be found in Table A1l.

4.2.3 Small Angle Neutron Scattering

4.2.3.1 Contrast matching and experimental protocol

By adapting the master equation of Small Angle Neutron Scattering?® to a situation
corresponding to an ensemble of pores dispersed in a carbonaceous matrix, the scattered

intensity from the pores can be written as:

1,(Q) = Ny (pe = pp) P(Q)S(Q) W
where N, and V}, are the number and the volume of the pores, p, and p. are the scattering
length densities (SLDs) of the pores and the carbon matrix, P(Q) and S(Q) are the form and
the structure factor of the pores.® Since the scattered intensity is proportional to the contrast
between the SLD of the pores and the carbon matrix, I,(Q) is maximum when the pores can
be considered as empty voids (i.e, in a standard situation). If the pores, or a part of them, are
filled with a medium of around the same scattering length density of the carbon matrix, the
contribution of the filled pores to I,,(Q) is suppressed, leading to a modification of the SANS
pattern of the sample. To fulfill the contrast matching condition, we decided to adopt pure D,O
(SLD of ~ 6.9 106 A2) as a contrast matching agent. Indeed, since an AC should be slightly less
dense than graphite (the latter featuring a SLD of ~ 7.6 10® A2),3% the best contrast matching
ratio should be achieved with 100% D,0. Thus, by analyzing each AC at different pore filling
levels we were able to gather not only morphological insight on the porosity, but also

information on the pore accessibility.
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The total volume of the pores of each AC was evaluated from the Ar adsorption
isotherms by means of NL-DFT and is reported in Table A2. The five AC samples were activated
by heating at 120 °C under dynamic vacuum (final pressure 5 10 mbar), to remove from the
surface as much adsorbed water as possible. The activated samples were transferred into a
glovebox and divided into 4 aliquots. One aliquot was left as activated, while the three
remaining ones were impregnated with a D,O amount equal to 1/3, 2/3 and the totality of the
micropore volume measured through Ar sorption. The such-prepared samples were inserted
into quartz capillaries and sealed under N, atmosphere with a photo-crosslinking polymeric
glue. The thickness of the employed quartz capillaries was chosen as 2.0 mm to grant a good
sensitivity while minimizing multiple scattering. SANS experiments were carried out on the
D16 beamline at the ILL in Grenoble (France) with a AN/A = 0.01.3! Each sample, the empty cell
and two references for data normalization (Vanadium and pure D,0), were analyzed
positioning the detector at three different angles (y) with respect to the incident
monochromatic beam (A = 4.503 A). y = 0° was employed to collect the transmitted intensity,
while y = 44° and y = 90° were employed to collect the scattered intensity respectively in the
low- and high-Q regions. This experimental configuration allowed us to collect SANS patterns

in a Q region ranging from around 0.03 to 3 AL,

An additional preliminary experiment3? has been carried out on the only Cwa and Cch
samples aiming to cover a lower-Q region and thus to explore larger dimensional scales. During
the experiment, carried out on the D11 beamline at the same neutron source, the samples
(thickness: 3 mm) were analyzed with a fixed beam (A = 6 A) to detector angle, which was kept
to y = 0°, where a beam stop was employed to prevent any damage to the detector. By

positioning the detector at 1.7, 8 and 38 m from the sample (for the high-, intermediate and
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low-Q regions, respectively) this configuration allowed to cover a Q region from around 0.002

to 0.5 AL,

4.2.3.2 Morphological models
Three main contributions to the scattered intensity should be observed in a standard SANS

pattern of a material exhibiting pure microstructural features:?°

e A Q*slopein the low Q range, which corresponds to the Porod's law of scattering by
sharp interfaces, that can be ascribed to the macroscopic surface area of the powder
grains (lporod);

e The graphite (002) diffraction peak in the wide-angle limit (WANS), related to the
carbon microstructure (lwans);

e A contribution in the intermediate Q range caused by the micropores, whose profile

depends on the nature of the microporosity (Imp).

However, the SANS patterns here presented seem to feature a second contribution in the low
Q limit rather than a bare Q* slope (easily observable in the low-Q plots reported in Figure
A1), which could be ascribed both to a family of small carbon grains or to a second family of
bigger pores (mesopores). Despite an accurate analysis of this contribution could lead to
important information, the here covered Q range is not sufficient to allow a solid fit of the
experimental data. Thus, we decided to neglect this effect (avoiding to fit data below ~ 0.06

A1) and to model the scattered intensity as a combination of three contributions:

1(Q) = Iporoa + Imp + Iy ans (2)
A schematic representation of the contribution of the different structural features of ACs to

the total scattered intensity in SANS is given in Figure 1.
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Even though the scattering contribution of the carbon grains should be modeled
according to the complete Porod’s law, in the here presented patterns it should only appear as
a Porod’s final slope, i.e. like a simple power law. Thus, it has been modeled as follows:

Iporoa = AQ™" + B (3)

where n is the Porod’s exponent (whose value depends on the aspect ratio of the carbon

grains), A is a scale factor and B is the flat background.
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Figure 1. Characteristic SANS pattern in log-log scale of an AC, reported with schematic representations of the
microstructural, microporous and macroscopic features, responsible for the scattered intensity in the large,
intermediate and low Q ranges, respectively. The inset reports a linear scale representation of the same pattern

as a function of the scattering angle 26 as it is usually done for PXRD patterns. Adapted from ref. 20.

When dealing with AC samples featuring a large pore volume (like the samples here
presented), effects due to pore-pore correlations caused by the high pore concentration

should be taken into account. In the present work, we adopt the Teubner-Strey model for
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microemulsions,33-3>

which describes a situation in which pores tend to locate themselves at
an average pore-pore distance, thus making a broad peak appear at Q. = 2m/d, d being the

average pore-pore distance. This model, already successfully applied to analogous situations,

models the scattered intensity of the micropores as:

L 5 @)

L, =1 +
mp Oaz +C1Q2 +C2Q4

Where I, a,, ¢; and ¢, are parameters defined as:

Iy = 81y (1 = Ppg)(Ap)?cz /€ (5)

ool @] ’

o= 202 () s ag 7

C = 64 (8)
where d is the pore-pore distance, ¢ is a correlation length representative of the extension of
the order, ¢, is the volume fraction of one of the two phases and 4p is the contrast SLD. Within

the Teubner-Strey model, a disorder parameter f, can be defined as:

(-CH) ?

according to this definition, the parameter f, can assume both positive and negative values,
where the more positive is the assumed value, the more disordered will be the described

system and vice versa.

Traditional models based on conventional diffraction cannot be applied in the case of
WANS peaks of disordered carbons. Since the Lorentzian peak shape has been proven as an
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effective functional form to fit the (002) peak of graphite in ACs for SAXS,?° the same model
has been adopted here. Importantly, Lorentzian peak broadening causes intensity not to
vanish at low angle, entailing a Q2 behavior at low angle which depends on the origin of the
disorder in the carbon’s microstructure (nano-crystallinity, crumpled layers, etc.).?° Thus, the

contribution to the scattered intensity in the WANS region has been modeled as:

(11)

_ -n L
twans = A4pQ "+ 0 grom P

where Ap is the Porod’s scale factor, n is the Porod’s exponent, 4; is the Lorentzian scale factor,

m the exponent of Q, ¢ the Lorentzian correlation length, and B the flat background.

The non-linear fitting procedure was carried out within the SASview software

(https://www.sasview.org/), using the Levenberg—Marquardt algorithm.

4.3 Results and discussion

4.3.1 Choice of the correct probe molecule

In order to identify the best suited probe molecule to assess the porosity of the ACs at issue,
preliminary physisorption measurements were carried out on two samples (Cch and Cwa) with
three different adsorptive: N2, Ar and CO,. For all cases, adsorption isotherms have been
collected and the corresponding PSDs were inferred by means of NL-DFT. The results of the
analysis are reported in Figure 2. N2 and Ar adsorption isotherms (Figure 2A, 2C) apparently
show minor differences, which are highlighted by the logarithmic scale (linear scale plots are
available in Figure A2). Indeed, the BET SSA of the two samples is in agreement between N»

(Table 2) and Ar (Table 3), with an expected slight overestimation (~ 5%) by the former.3®

The PSD inferred from N3, Ar and CO; isotherms for the samples Cwa and Cch, together

with their relative cumulative pore volumes, are presented in Figure 2B, 2D. Though N3 is
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widely accepted as the routine probe for estimating the PSD of AC samples,416:17,19.20 jtg

“large” kinetic diameter (around 3.6 A), its non-spheric shape and its weak quadrupole
moment can lead to inaccurate PSDs, especially for ultra-microporous and strong adsorbents.
Indeed, PSDs inferred from N; isotherms appear significantly different from the ones inferred
from Ar isotherms. We attributed this discrepancy to the higher accuracy of the isotherms
obtained with Ar, the latter being spheric and a smaller (kinetic diameter around 3.4 A), less-
interacting probe than N,. Moreover, N,-PDSs provide a strong overestimation (~ 80% for Cwa
and ~ 50% for Cch) of the total pore volume if compared to Ar (total pore volume values
computed with the two probes are reported in Table A2). This observation can be explained in
terms of the error arising from the unknown packing of a non-spherical adsorbate like N2 in
the micropores.?®3” By employing CO, as a probe, thanks to its smaller kinetic diameter
(around 3.3 A), we enhanced the resolution on the smallest micropores, pointing out the
existence of at least two families of ultra-micropores in each sample. However, CO,-PSDs do
not match perfectly with those obtained with Ar, probably due to the strong interaction

existing between a strongly polar molecule like CO, and the carbon surface.

The presented analysis proves that, even though the BET SSA computed from N; and
Ar isotherms is comparable, non-negligible differences appear when PSDs are inferred from
the respective isotherms. Thus, we consider Ar sorption as our reference for further

experiments.

Table 2. Parameters of the B.E.T. regression analysis for the N2 adsorption isotherms at 77 K

B.E.T. SSA Error C Qm R2
(m*/g) (m?/g) (mmol/g)
Cwa 998 0.7 745 10.2 0.999999
Cch 1596 3.7 89 16.4 0.999984
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Figure 2. N2 (grey), Ar (cyan) and CO: (orange) logarithmic scale adsorption isotherms (A, C) and corresponding
PSDs (B, D) collected for the samples Cwa (A, B) and Cch (C, D) . The CO; isotherms in panels (A) and (C) are
reported as insets. The width-weighted PSDs (left axis in panel (B) and (D)) are plotted as solid lines, while the

corresponding cumulative pore volumes (right axis in panel (B) and (D)) are plotted as dotted lines.

4.3.2 Ar sorption analysis of porosity

After having demonstrated that Ar sorption is required to obtain trustable PSDs of ACs, Ar
isotherms were collected for all the 5 samples at issue and the corresponding PSD were
inferred. A series of differences between the five ACs can be deduced already from the
logarithmic scale adsorption isotherms (Figure 3A, 3C, 3E) and the relative BET SSA (Table 3).
Linear scale isotherms are available in Figure A3). The chemically activated samples (Cch and
Cch-ox) depict a sensibly higher SSA with respect to the physically activated ones. On the other
hand, physically activated ACs show themselves as stronger adsorbents, featuring BET C
coefficients of around 500. Moreover, the diminished SSA featured by the oxidized samples
(Cwa-ox and Cch-ox) with respect to their precursors (Cwa and Cch) suggests that the oxidation

process with HNOs is triggering a SSA loss (of approximately 15% and 23%, respectively). By
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looking at the comparison between the respective PSDs (Figure 3B for Cwa and Cwa-ox; Figure
3D for Cch and Cch-ox) insight on the nature of this loss can be accessed. Indeed, the oxidizing
agent seem to have selectively reduced the abundance of different families of micro and
mesopores, dependently on the sample. For the sample Cwa, the oxidation has selectively
eroded the family of micropores at 5 A, while mesopores (especially the three family between
10 and 30 A) have been affected for the sample Cch. This last observation is consistent with
the opposite modification in the C coefficient reported for the two samples upon oxidation:
where mainly micropores (responsible for strong adsorption) have been consumed (from Cwa
to Cwa-ox), the C coefficient decreases. On the contrary, since the Ar-PSD of Cch-ox seem to
report a mild increment of the micro/mesopores ratio with respect to Cch, a slight increment

in the C coefficient is observed.

Table 3. Parameters of the B.E.T. regression analysis for the Ar adsorption isotherms at 87 K

B.E.T. SSA Error C Qm R2
(m?/g) (m?/g) (mmol/g)
Cwa 948 2 575 11.0 0.999988
Cwa-ox 803 2 507 9.3 0.999990
Cch 1541 7 61 17.9 0.999921
Cch-ox 1182 3 85 13.7 0.999981
Cpa 855 3 446 9.9 0.999971

Lastly, Figure 3F shows a superposition of the PSDs of the unoxidized samples Cwa, Cch
and Cpa. The samples Cwa and Cpa (featuring the same activation, but different origin) show
a very similar PSD, differing only in the abundance of the micropore family at 5 A. Even though
the chemically activated sample (Cch) shows a less pronounced micropore family, it features
an important mesoporous contribution (responsible of the increasement of the cumulative
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pore volume from 15 A up to 200 A) which is lacking in the PSDs of Cwa and Cpa. This
observation is a clear indication that it is the activation process, rather than the origin of the

material, which directly determines the porosity of activated carbons.
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Figure 3. Ar adsorption isotherms (A, C, E) and corresponding PSDs (B, D, F) collected for the samples Cwa (red),
Cwa-ox (pink), Cch (blue), Cch-ox (cyan) and Cpa (purple). Panels (A) and (B) report the comparison between Cwa
and Cwa-ox, (C) and (D) between Cch and Cch-ox, (E) and (F) between Cwa, Cch and Cpa. The width-weighted
PSDs (left axis in panel (B), (D) and (F)) are plotted as solid lines, while the corresponding cumulative pore volumes

(right axis in panel (B), (D) and (F)) are plotted as dotted lines.

The linear scale isotherms of the samples Cwa and Cch (representative of the physically
and chemically activated samples, respectively) and the relative PSDs evaluated both in

adsorption and desorption are reported in Figure 4 (adsorption-desorption PSDs for the other
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samples are available in Figure A3). Here, the linear scale is employed to put in evidence the
isotherm type, together with the aspect of the desorption branch, pointing out the existence
of a hysteresis loop. In both cases, the isotherms can be addressed as a composite Type | +
Type Il isotherm.?’-3° The Type | adsorption regime evidenced in the low p/po region (up to
0.01 p/po) is ascribable to micropore adsorption, while the Type Il adsorption regime observed
in the rest of the isotherms (way more prominent for Cch rather than Cwa) is typical of meso-
and macro-porous adsorbents.3” This last behaviour is ascribable to samples featuring porosity
on multiple dimensional scales (from the micro- to the meso-scale in this case). The difference
in the two hysteresis loops, though both are mostly ascribable to the Type H2, confirms the
higher mesoporous character of the sample Cch, suggesting a correlation between the

chemical activation and the formation of mesopores in ACs.

If the presence of a hysteresis loop in the isotherm indicates the existence of “large”
mesopores in the sample, a NL-DFT analysis of the desorption branch (i.e., evaluating the PSD
of the sample through desorption data) can provide information regarding their nature and
connectivity.®? In particular, the presence of the artifact peaks in the desorption PSDs (Figure
4B for Cwa and in 3B’ for Cch) is representative of the cavitation phenomenon: in not open-
ended pores, several studies have shown*'™3 that if the pore neck diameter is smaller than a
critical size (~ 5 - 6 nm), the mechanism of desorption from the larger pores involves the
spontaneous nucleation and growth of gas bubbles in the metastable condensed fluid. In ACs
samples, a situation like this can be imagined as if mesopores (or just a fraction of them) were
accessible only through smaller micropores. A schematic representation of the thus obtained

idea of pore connectivity in the two samples is given in Figure 4C.
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Figure 4. Ar adsorption and desorption isotherms (A) and the respective PSDs (B, B’) for the samples Cwa (red)
and Cch (blue). Adsorption data are represented as full dots, while desorption data are represented as empty
dots. Panel (C) reports a schematic view of the pore morphology that can be built after the presented Ar

sorption analysis.

4.3.3 SANS analysis

The fit of the SANS patterns of the five mentioned samples in the range 0.06 A1 -3 Al s
represented in Figure 5. A selection of notable parameters extracted from the fit is reported
in Table 4. As can be proven by the small values of x? (just for the sample Cpa it exceeds 1.5)
the fit is in very good agreement with the experimental data, which validates the employed
model in the selected Q range. All the fits are coherent with a slope ascribable to the Porod’s
Law for Q < 0.1 A%, a broad peak due to the micropores at 0.2-0.3 A'* and a Lorentzian peak

due to the doo2 of the stacked graphitic layers at 1.7-1.8 AL,

Generally, a Porod’s exponent larger than 3 corresponds to a slope regime due to the

scattering by interfaces.?® In this case, being the values of this exponent close to 3, this could
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correspond to scattering from surface fractals, suggesting that the carbon grains could expose
a jagged surface. This last observation is in agreement with a Scanning Electron Microscopy
(SEM) investigation presented within a former study of our team (see Figure 1 and the related

discussion in ref. 13).

According to the information available at this stage, the only accessible data regarding
the pore size of the investigated samples is that it cannot exceed the half of the average pore-
pore distance (~ 30 A and ~ 50 A for the physically and chemically activated samples,
respectively). These values, indicating a pore size of ~ 25 A maximum, confirm that only the
micropores are responsible for the scattered intensity in this range. The disorder parameter
fa, whose effect on the pore network is exemplified in Figure 5F, is found to be systematically
different between samples of chemical (~ 0.2) and physical activation (~ -0.3). This suggests
that the pores tend to exhibit some degree of short range pore-pore ordering, pointing out
the existence of pore-pore repulsion (i.e., the pores tend to be created far away from each
other upon activation, rather than agglomerate).?° The lower degree of order observed for
chemically activated samples is consistent with the higher mesoporous character of Cch and
Cch-ox, in which the complex micropore-mesopore connectivity could result in increasing the
disorder of the system. Summing up, the fact that the pores of the investigated samples can
be described as a discontinuous structure with characteristic and quasi-repetitive length scale
needs to be reconciliated with the widely accepted conception of the slit-like pore in ACs. In
this respect, a deeper study is required to understand which form factor could best suit the
experimental data, aimed to exploring the suitability of different pore shapes to describe the

porosity.
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Figure 5. Fit of the SANS patterns of the samples Cwa (A), Cwa-ox (B), Cch (C), Cch-oc (D) and Cpa (E). The
calculated pattern is represented as a yellow line, while the experimental data are represented as scatter plots.
Panel (F) represents a schematic representation of the micropore arrangement as a function of the order

parameter fa (adapted from ref. 20).

Speaking of the Lorentzian Q range, The reported width of the (002) peak is
significantly larger than what reported for graphite (~ 3.38 A3° against an average value of
around 3.7 A for the samples here presented) indicating the disordered nature of the
microstructure of the samples. Moreover, as reported in ref. 20, the fully Lorentzian peak
shape observed suggests that the broadening is due to the carbon layers curvature rather than

to the existence of nano-crystallites. This study is, thus, a further challenge to the traditional
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model of pseudo-graphitic nano-crystallites initially proposed by Franklin** and still routinely
used nowadays to describe the microstructure of the non-graphitic carbons. Since all the
studied samples present the same features under this aspect, it seems that a nano-curved
layered structure is general feature of ACs, independent on the nature of the activation.
Notably, the sample Cpa seem to feature an additional sharp peak in the WANS region (not
fitted), which could be probably due to a residual amount of graphite left after the activation
step.

Table 4. Morphological and structural parameters deduced from the SANS fit analysis presented in Figure 4.
np is the exponent of the porod function in the high-Q range, d is the average pore-pore distance, &,,,,, the length

beyond which the order of the micropores is lost, f, the order parameter, r the micropore radius, &; the length

beyond which the order in the (002) distance is lost.

np d (A) fmp (A) fa $L (A) doo2 (A) X
Cwa 3.2 27.6 5.7 -0.26 2.80 3.76 1.25
Cwa-ox 3.2 28.3 5.7 -0.24 2.78 3.78 1.13
Cch 3.1 50.7 6.5 0.21 2.31 3.71 1.15
Cch-ox 3.0 53.9 7.4 0.14 241 3.80 1.23
Cpa 3.1 30.2 6.6 -0.31 3.32 3.67 3.35

To gather further information regarding pore accessibility, contrast matching
measurements with D,O have been performed for all the five samples. Results of the contrast
matching experiments for sample Cch are presented in Figure 6. The impregnation of D;0O in
just the first fraction of pore volume of the sample (light blue pattern in Figure 5) has led to a
shift of the broad peak (Imp) towards lower Q values. This suggests the existence of at least two
micropore families, the smaller being completely filled by DO and thus its contribution
suppressed. Conversely, higher levels of D0 filling (cyan and grey pattern in Figure 5) has led
to a complete suppression of the contribution of the micropores, indicating that the totality of
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the pore volume is accessible. However, the analysis of these patterns is still ongoing and thus

they will not be discussed further in this section.
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Figure 6. SANS patterns of the sample Cch at different D20 filling level.

4.4 Conclusions

ACs are a wide class of functional materials, whose popularity is not only confined to catalysis,
but extends also to hydrogen storage, electrochemical cells, etc. Since a general agreement on
their structural and morphological features on the micro- and meso-scale is yet to be achieved,

trying to bridge this gap of knowledge is of extreme importance.

In this chapter, a characterization of the micro-/meso- structure and porosity of five AC
samples of different origin and activation has been presented. The study has been carried out
through the coupling of two independent techniques (N2, Ar, CO, physisorption and SANS)
which have been able to provide key complementary information on the investigated systems.
First of all, by carrying out N2 and Ar physisorption measurements (at 77 and 87 K, respectively)
on the two model samples, we have been able to highlight that, despite the good agreement

between the BET SSA evaluated with the two probes, N; isotherms are not suited to a correct
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characterization of the porosity of ACs. Indeed, besides the sensible difference observed in the
two PSDs, we reported that N, can overestimate the total pore volume of up to 80% with
respect to Ar (probably due to its non-spheric and quadrupolar nature). By inferring PSDs from
273K CO; isotherms we have been able to point out the existence of diverse families of ultra-
micropores in our samples. However, we documented a mild mismatch observed between
CO2- and Ar-PSDs, most likely due to the reactive nature of the former. The following
characterization of the ACs porosity through Ar sorption allowed us to document a SSA loss of
around 20% entailed by the oxidation process with HNOs, which we correlated with a selective
erosion of different pore families in the two samples (micropores for Cwa and mesopores for
Cch). Parallelly, we observed a consistency between PSDs of samples sharing the same
activation procedure, regardless of their origin, thus confirming the central role of the
activation in determining the porosity of ACs. By a NL-DFT analysis of the desorption branch of
Ar-isotherms, we testified the occurrence of the cavitation phenomenon in correspondence of
the hysteresis loop, thus pointing to a pore connectivity in which a fraction of mesopores is

only accessible through small micropores.

Subsequently, a preliminary analysis of the fit of the SANS patterns collected under
inert atmosphere has been discussed. The analysis suggests that the porosity of the
investigated samples is ascribable to a discontinuous structure featuring some degree of short-
range order, which is different between physically and chemically activated samples (probably
due to their different mesoporous character). The peak shape analysis of the stacking (002)
peak in the WANS region is consistent with a broadening due to the carbon layers curvature,
thus further challenging the idea of ACs as an ensemble of randomly-oriented nano-
crystallites. Lastly, even though the analysis of the SANS patterns collected under partial D,0

filling is still at its very first stages, it has already provided promising insights. It is worth noting
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that, since the kinetic diameter of D,0 is extremely small (2.65 A), it can have access to the
families of ultra-micropores whose existence has been documented is section 3.1 by means of
CO,-PSDs. Given the documented unsuitability of CO,-PSDs to accurately characterize the
ultra-micropores of strong adsorbents rich of surface functional groups like ACs, the existence
of an alternative probe useful to provide insights on micropores of this size is crucial. Indeed,
the main application of ACs (like hydrogen storage materials and supports for hydrogenation
catalysis) involve the adsorption of hydrogen, which, featuring a small kinetic diameter (2.89

R), is able to access even pores of the smallest sizes.

As outlined in the previous section, the presented fit analysis of the acquired SANS
patterns is still at a preliminary stage and will be completed in the incoming months. Among
the many challenges that this procedure entails, the most important will be the exploration of
different models to take into account the form factor of the micropores. Besides exploiting
SANS to provide an independent estimation of the pore size to be compared with what
obtained through Ar sorption, this investigation will also allow to assess the suitability of
different pore shapes, giving the possibility to challenge the classical slit-like assumption. Since
this exploration will entail the application of a huge number of different fitting models, we are
planning to adopt an a posteriori evaluation of their performances based on the Bayesian
inference. Once established a solid fitting procedure, a second challenge will be the fitting the
data acquired for the D,O-filled samples. Though not trivial, this analysis has the potential of
providing key information on the pore accessibility on the whole dimensional scale, which
could have a non-negligible impact on crucial aspects of material sciences, like hydrogen

storage and hydrogenation catalysis.
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Appendix
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Figure Al. Low-Q SANS patterns of the samples Cwa (red) and Cch (blue) collected on the D11 beamline at the
ILL. The measurements were affected by multiple scattering in the low-Q region due to the excessive thickness of

the samples, which hampers a fine discussion on the obtained results.
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Table Al. Root Mean Square Error (RMSE) and Regularization (R) values obtained from the NL-DFT

fit of the N,, Ar and CO; isotherms.

N> Ar CO2
R RMSE R RMSEads R RMSEdes R RMSE
(mmol/g) | | (mmol/g) “ | (mmol/g) (mmol/g)

Cwa 0.1 0.057 0.2 0.028 0.316 0.037 0.1 0.018

Cch 0.1 0.103 0.2 0.057 0.316 0.059 0.1 0.008

Cwa-ox 0.2 0.016 0.316 0.034
Cch-ox 0.2 0.037 0.316 0.052
Cpa 0.2 0.020 0.316 0.030
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Figure A2. Nz (grey), Ar (cyan) and CO: (orange) adsorption and desorption isotherms collected for the samples
Cwa (A) and Cch (B). The CO: isotherms are reported as insets. Adsorption data are reported as full dots,

desorption data as empty dots.

Table A2. Total Pore Volume of the five AC samples measured from Ar-PSDs.

Cwa Cwa-ox Cch Cch-ox Cpa
Total Pore
Volume (N2) 0.66 --- 1.42 --- ---
(cm3/g)
Total Pore
Volume (Ar) 0.36 0.31 0.93 0.58 0.36
(cm3/g)
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Figure A3. Ar adsorption and desorption isotherms collected for the samples Cwa (red), Cwa-ox (pink), Cch (blue),
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empty dots.
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Figure A3. Ar adsorption and desorption PSDs inferred for the samples Cwa-ox (A), Cch-ox (B) and Cpa (C).
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Chapter 5

General conclusions and perspectives

This thesis work is a result of a long-lasting collaboration between the University of Torino, the
Institute Laue Langevin (ILL) in Grenoble (F) and the Chimet S.p.A. company, which in the last
20 years has contributed to several important advances in the field of characterization of
heterogeneous catalysts based on supported metal nanoparticles, mainly Pd and Pt. Through
the years, the key to this success has been always the wise application of a multi-technique
approach to the same set of catalysts, in which multiple experimental methodologies have
been employed together to unravel the properties of these complex systems at a molecular
scale. The most important part of my PhD’s work has been devoted to extending this paradigm
to new experimental methods and, for the first time in this research group, to couple
experiments with computational simulation. The latter have been conducted in the frame of a
collaboration with the IFP Energies Nouvelles of Lyon, which granted me the possibility of
spending 6 months onsite during the 2021/2022 academic year. There, | had the possibility to
learn how to apply advanced computational tools to the simulation of the atomistic properties
of metal NPs under the supervision of Dr. Céline Chizallet, thus adding molecular modelling to

the panel of employed techniques.

This work is also a paradigmatic example of a multi-scale investigation. Indeed, the

scale and the complexity of the targeted systems grow from Chapter 2, where a full
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computational study on isolated Pt NPs is presented, to Chapter 3, in which real Pd/Al,O3

catalysts are addresses focusing on their interaction with adsorbates. Lastly, Chapter 4 is

focused on the properties of activated carbons, addressing their structure and porosity from

the micro- to the meso-scale.

In these years, | have been able to explore and, finally, master an unusual amount of

experimental techniques, both in the laboratories of the Chemistry Department at the

University of Turin and at several large-scale facilities (ESRF and ILL in Grenoble, F, and SLS in

Villigen, CH), as follows.

FT-IR spectroscopy (of adsorbed molecules). It is a vibrational spectroscopy extremely
sensitive to vibrations entailing an oscillation of the dipole moment of the oscillators
(e.g., functional groups and chemical bonds) at issue. Application of FT-IR spectroscopy
in the mid-infrared (4200 — 200 cm™) region allows to monitor the surface of the
catalysts through the perturbation inferred to molecular probes upon adsorption. In
this sense, FT-IR spectroscopy is an indirect technique for the characterization of
heterogeneous catalysts, which can grant insight on complex surface phenomena, even
under reaction conditions.

Gas-volumetry. Gas adsorption monitored by volumetric measurements is still one of
the most employed techniques in the characterization of materials. In the case of
physisorption of inert probes it allows assessing textural properties and porosity, by
covering the complete range of micro- (pore width <2 nm), meso- (pore width: 2-50
nm), and to some extent even macropores (pore width > 50 nm). In this respect, a
central role is covered by the inference of the Pore Size Distribution from the

experimental adsorption isotherms (by means, for example, of NL-DFT). In the case of
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chemisorption, gas-volumetry can be adopted to gather quantitative information on
the surface of the catalysts.

Adsorption microcalorimetry. This technique allows a quantitative measurement of
the heat evolved when a fluid (gas or vapour) gets in contact with the surface of a
material, which is intimately related to the nature and energy of the interaction
between adsorbed species and the surface itself. In this way, adsorption
microcalorimetry can provide knowledge of the energetics of chemical and physical
events occurring at catalytic interfaces, as well as of the associated thermodynamic
parameters, contributing to a deeper understanding of the underlying phenomena.
Small Angle Neutron Scattering (SANS). SANS is a small angle scattering technique,
which grants access to topological information at the micro- and meso-scale both for
crystalline and amorphous samples. In this frame, it can be exploited to extract
information concerning the morphology of solid materials, allowing to take into
account non-traditional descriptors of porosity. Working with neutrons has the
peculiarity of (1) granting a high sensitivity for “light” atoms like H and C
(complementary to x-ray scattering) and (2) allowing a study of pore accessibility by
adopting the contrast matching technique (i.e., filling the accessible pores with a fluid
featuring the same Scattering Length Density of the material matrix).

Inelastic Neutron Scattering (INS). INS spectroscopy is an unconventional vibrational
spectroscopy which, thanks to the employment of neutrons, is not subject to any
selection rule. In this sense, it provides a complementary alternative to IR spectroscopy
since it allows to detect vibrations of molecules and functional groups that do not entail

oscillations in the dipole moment. Given its enhanced sensitivity towards the atomic
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and molecular hydrogen, it allows to monitor the vibrations of metal hydrides, thus
allowing to deepen the comprehension of their complex catalytic behaviour.
High-energy X-ray Diffraction (XRD) and Pair Distribution Function (PDF). Powder XRD
is a useful tool to characterize catalytic materials, since it can provide information
regarding the long-range order of the atoms in the sample. By exploiting a high
brilliance x-ray source (like most existing synchrotrons) the sensitivity gain that can be
provided by the most advanced facilities is so high that adsorbate-induced structural
modifications in metal NPs of a few nanometres can be observed. When high-energy
X-ray total scattering data are collected, a PDF analysis can be performed. This method
is an emerging structural characterization tool with the potential to provide valuable
insights into a broad range of problems in heterogeneous catalysis. The method yields
atomic scale structural information with crystallographic resolution, without the need
for long-range order, which is implicit in conventional Bragg diffraction. Accordingly, it
can be used to study the nanoscale systems and/or the defect-rich materials often
involved in heterogeneous catalysis.

X-ray Absorption Spectroscopy (XAS). Among the methods that can provide insight on
the structural environment and electronic properties of active sites in catalytic
materials, synchrotron-based XAS has become one of the techniques of choice due to
its excellent spatial, temporal, and energy resolutions. In the extended X-ray absorption
fine structure (EXAFS) region, information about the local structural environment of
the X-ray absorbing atom is extracted from the fine structure oscillations of the
absorption coefficient. The X-ray absorption near-edge structure (XANES) portion of
the XAS signal contains, instead, information about the electronic structure, density of

unoccupied states, and bonding geometry around the absorbing atom. Since XAS does
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not require long-range order and it can be employed to monitor adsorbate-induced
structural changes in heterogeneous catalysts, it is considerable as a complementary

technique with respect to the PDF analysis of total x-ray scattering.

The last three techniques have been the subject of several beamtimes throughout the

years of my PhD and the collected data are not reported in this thesis. | have been a pioneer

in my research group to apply some of these techniques to the investigation of catalysts based

on supported metal NPs, and this implied a certain induction time before achieving a full

understanding of their underlying rules.

On the computational side, | had the opportunity to explore a manifold of

computational methods and approaches, allowing me to acquire knowledge on performing

calculations at different levels of theory (from high to low), in the spirit of “multilevel

modelling”. The different levels of theory explored in this thesis work are listed as follows.

Density Functional Theory (DFT). DFT is a computational method derived in the frame
of quantum mechanics (QM) employed in modern research to investigate the
electronic and/or nuclear structure of many-body systems (e.g., atoms, molecules, and
condensed phases). Unlike the more complex Wavefunction Theories (WFT), DFT
computes the electronic energy of a system as a functional of the electron density
bypassing the computation of the electron wavefunction. This feature, making DFT a
more affordable computational tool than WFT without a dramatic loss in accuracy, is
the reason why it is routinely employed to compute high-accuracy molecular
properties for the complex systems typical of heterogeneous catalysis.

Semi-empirical (SE) methods. Computational methods based on quantum mechanics

(such as DFT and WFT) can be simplified as some quantities, that should be calculated
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through the resolution of complex integrals and equations, can be substituted by
empirical parameters. The thus obtained SE methods usually benefit of a sensible
computational speedup, but, being weaker models than QM methods, pay the fee of
a reduced accuracy and transferability.

e Molecular mechanics (MM). Molecular Mechanics is a computational method that
computes the Potential Energy Surface of a particular arrangement of atoms using
parametric equations derived using classical physics. These sets of equations, together
with their parameters, are known as a force-fields (FF). Given the strong approximation
level and the usually high number of parameters composing each FF, MM methods are
weaker and less transferable methods if compared with SE ones. However, given their
extremely low computational cost, they usually find application in treating extremely

complex systems or in high-throughput studies.

By synergically combining this huge number of experimental techniques and
computational methods, this PhD work has been able to shed some light on three fundamental
aspects of the modern research about heterogeneous catalysis by supported metal NPs,

offering at the same time interesting perspective for the near future.

1. The applicability of low-cost methods to the simulation of metal NPs. The performances
of a series of low-cost computational methods have been assessed on Pt NPs of size up to 561
atoms against a robust DFT reference, clarifying their applicability to these systems with its
advantages and limitations. In the future, this research branch could be further explored by
moving to other metals, nanoalloys and, compatibly with the next developments in the

available computational tools, to the simulation of even more complex and bigger systems.
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2. The adsorbate-induced ductility of metal NPs. A CO-induced corrugation of the Pd(100)
facets, occurring at high CO coverage and at room temperature, has been documented for the
first time on Pd/Al,Os catalysts, thanks to the coupling of three experimental techniques (CO
chemisorption, adsorption microcalorimetry and in situ FT-IR spectroscopy) with DFT
calculations. Additional molecular dynamics simulations should be performed to boost the
solidity of the presented computational insights. This experimental/computational approach
can be easily extended to other metals and other probes, and has the potential to provide a
methodological benchmark in the field of characterization of adsorbate-induced phenomena

in supported metal NPs.

3. The micro- and meso-structure of activated carbons. A characterization of both the
microstructure and porosity of different activated carbons has been pursued by coupling N,
Ar and CO; physisorption with SANS. The presented preliminary analysis further challenges
both the traditional assumptions of the slit-shaped pore model and of the activated carbons
microstructure as composed by an ensemble of randomly assembled graphitic nano-
crystallites. Lastly, through a refinement of the analysis of the collected SANS data, we will be
able to complement Ar sorption with accurate topological information on the morphology of
both the pores and the carbon domains, as well as on pore accessibility thanks to D0 contrast
matching. Extracting all these data from the SANS patterns will involve a delicate fitting
procedure, devoted to separate and analyze the contributions of carbon particles, micropores
and structural peaks of the carbon matrix. Since this will involve the employment of several
fitting models, we will evaluate their performances a posteriori by performing a statistic

analysis based on the Bayesian inference.
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Gas phase vs. liquid phase: monitoring H, and CO
adsorption phenomena on Pt/Al,Oz by IR
spectroscopy
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Maela Manzoli, ©°¢ Sara Morandi, ©2 Riccardo Pellegrini,” Andrea Piovano, ©®¢
Davide Ferri ©*° and Elena Groppo @ *?

The adsorption phenomena occurring at the surface of a highly-dispersed Pt/Al,Os catalyst for
hydrogenation reactions were thoroughly investigated in the gas-phase by transmission IR spectroscopy
and in the liquid-phase by ATR-IR spectroscopy. The reduction of Pt/AlLOsz in H, with the formation of Pt-
hydrides and adsorption of CO were used as case studies for the comparison of the two different
environments under otherwise similar experimental conditions. We found that compared to gas-phase, the
selected solvent (cyclohexane) greatly affects the reducibility of Pt. Incomplete reduction under the
adopted liquid-phase conditions was demonstrated by the formation of carbonate species at very low CO
coverage. Moreover, cyclohexane competes with the adsorbates (H, as well as CO) for the occupancy of
the available surface sites, thus affecting the shape, position and relative intensity of the infrared signals
corresponding to the surface Pt-H and Pt-CO species and leading to an overall lower H and/or CO
coverage. Our spectroscopic data show also that the presence of the solvent is crucial in maintaining the
Pt nanoparticles in partially H-solvated state even in a H,-free environment. This evidence might have
important implications with respect to the catalyst reactivity and stability.

1. Introduction

Platinum based catalysts are massively employed in industrial
processes involving hydrogenation reactions, such as in the
synthesis of specialty chemicals and drugs."™ This is largely
due to the superior ability of platinum in splitting molecular
hydrogen into its atomic form.”® Understanding the nature
and the behaviour of the platinum hydride (Pt-H) species
under reaction conditions is crucial to design more efficient
and profitable catalysts. However, characterizing the
phenomena occurring at the surface of supported metal
nanoparticles is one of the main challenges in surface
science, due to the combination of many factors, among
which are the intrinsic complexity of metal nanoparticles’**
and their dynamic behaviour in the presence of
adsorbates."** In this context, the H,@Pt system was
extensively investigated both theoretically'>'®*'**2% and
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experimentally, especially by means of X-ray absorption
spectroscopy (XAS),'31417:18:22:23,29736 1R gpectroscopy®” ™ and
inelastic neutron scattering (INS) spectroscopy.**™*® While
XAS provides direct information on the structural and
electronic changes experienced by nanometric Pt particles in
the presence of hydrogen, vibrational spectroscopies have the
capability to discern between different Pt-H surface species,
since the Pt-H vibration is sensitive to even small changes in
the coordination geometry.

In such a scenario, some of us were involved in a
systematic investigation of the hydride species formed over
an industrial Pt/Al,O; catalyst as a function of the H-coverage
in the gas-phase, exploiting a multi-technique approach
comprising INS, FT-IR and synchronous DRIFT/XAS/MS.*
INS, being extremely sensitive towards vibrational modes
involving hydrogen motion and almost silent towards all
other elements, allowed the detection of the vibrational
fingerprints of multi-coordinated Pt-H species under high
H-coverage conditions, which are not visible by FT-IR
spectroscopy because they fall in the spectral region
dominated by the vibrational modes of the alumina
framework. By comparison, because the threshold of
absorption of MgO is at lower energy, multi-folded hydrides
were observed on Pt/MgO.>* By operando DRIFT/XAS/MS we
were able to distinguish with an unprecedented level of detail
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at least four different species of linear Pt-hydrides
characterized by different adsorption strengths and local
environment, and to follow their interconversion into multi-
coordinated Pt-H species upon changing the H-coverage.*’
This phenomenon was correlated with a structural and
electronic reconstruction of the Pt nanoparticles, in good
agreement with theoretical predictions.>*®>"2%2%27 It should
be mentioned for the sake of clarity that the assignment of
the IR signals in the 2100-1700 cm™ to Pt-H species rather
than to adsorbed CO is unambiguously confirmed by
identical experiments with D,, which shifts them to the
1600-1200 cm ™" region.*’

Industrial reactions are often carried out in a liquid solvent
and the transferability of the results obtained in the gas-phase
to liquid-phase cannot be assumed a priori. In order to close
the gap of knowledge between gas-phase and liquid-phase
conditions, similar experiments should be performed in the
presence of a solvent. Unfortunately, the reports dealing with
the vibrational characterization of Pt-hydrides at a solid-liquid
interface are rare,* likely because of technical limitations.”* In
the liquid phase, the absorption bands related to the solvent
can be orders of magnitude more intense than those associated
with the adsorbed species. In this context, attenuated total
reflection IR (ATR-IR) spectroscopy offers interesting
opportunities.®® The catalyst can be deposited as a thin layer on
the ATR crystal and contacted with the solvent. By exploiting
this geometry, the amount of liquid sampled by the IR
radiation is very small and most of the information is retrieved
from the catalyst surface.”>° Nevertheless only very few
studies dealing with a detailed characterization of Pt-based
catalysts in organic solvents and/or water are available,*® and
they mainly focused on the use of CO as a molecular probe.®*
As a further consequence of the lack of studies in liquid-phase
environment a systematic comparison between gas-phase and
liquid-phase experiments performed on the same catalyst is
rare.”*

In this work, we bridged this gap of knowledge in the
characterization of surface phenomena occurring at solid-gas
and solid-liquid interfaces, by thoroughly investigating a
highly-dispersed Pt/Al,O; catalyst during H, and CO
adsorption using transmission IR spectroscopy for the gas-
phase and ATR-IR spectroscopy for the liquid-phase.

2. Experimental
2.1 Catalyst synthesis and preliminary characterization

The 5 wt% Pt/Al,O; catalyst was prepared in the laboratories
of the Catalyst Division of Chimet S.p.A., adopting a high-
surface-area transitional alumina as a support (specific
surface area = 116 m> g*; pore volume = 0.41 cm® g™') and
following a proprietary deposition-precipitation method
similar to the one reported by Kaprielova et al®® After
preparation, the sample was carefully washed with water and
dried at 120 °C overnight. The nominal Pt dispersion (D =
63%) was determined by a H,/O, titration method.*”®> As
previously reported,” HR-TEM micrographs showed very
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small and homogeneously distributed Pt nanoparticles, with
an almost spherical shape and a regular size. A representative
HR-TEM micrograph is reported in Fig. 1A, while Fig. 1B
shows the particle size distribution obtained from the
analysis of more than 700 particles. The average value (1.4 +
0.4 nm) is in good agreement with the dispersion determined
by H,/O, titration, and was previously confirmed also by
EXAFS data analysis.”® Temperature programmed reduction
(TPR) was performed to evaluate the reducibility of the Pt
phase. The main reduction peak (Fig. 1C), which is due to
the P> — Pt° reduction, starts at a temperature as low as
-30 °C, reaches its maximum around 55 °C and ends around
130 °C. The integrated area below the peak delivers the
overall hydrogen consumed in the process: it accounts for a
Pt/H ratio of 3.6, indicating that the majority of the Pt phase
was in the PtO, form in the pristine catalyst.

2.2 Methods

2.2.1 IR experiments in gas-phase. For the H, adsorption
experiment, about 10 mg of undiluted Pt/Al,O; were pressed
into a self-supported pellet and placed inside a commercial
FT-IR reactor cell (AABSPEC, no. 2000-A multimode), which
allows sample activation and collection of FT-IR spectra
under controlled temperature and atmosphere. In our
previous work*® we demonstrated that the large dead volume
of the cell allows exchanging the gas composition at a low
rate, thus permitting to follow the intermediate steps in the
dynamic behavior of the Pt nanoparticles as a function of the
gas concentration. On the other hand, the large internal
volume makes the gas flow dynamics poorly predictable. The
catalyst was heated up to 70 °C (heating rate 5 °C min™")
under an inert stream (N,, 50 mL min™') and left at this
temperature for ca. 30 min in order to desorb most of the
physisorbed water before collecting a FT-IR spectrum. Then,
the catalyst was contacted at the same temperature with a N,/
H, flow (50 mL min™", 10 vol% H,) and FT-IR spectra were
acquired every 10 s for about 10 min until saturation of the
signals of surface hydride species. Finally, the gas flow
composition was changed back to pure N, to monitor the H,
desorption step: FT-IR spectra were collected continuously
for approximately 70 min.

The CO adsorption experiment was performed in static
conditions. The self-supported pellet was inserted into a gold
envelope and successively placed inside a homemade quartz
cell equipped with KBr windows, allowing for the sample
activation in the 25-700 °C range and successive
measurements at room temperature, in the 10~*-10° mbar
pressure range. The sample was heated up to 70 °C in
dynamic vacuum and left at this temperature up to a final
vacuum of 10~ mbar. Successive reduction was performed by
dosing an excess of H, (equilibrium pressure of py, = 100
mbar, 2 times x 15 min) over the sample, followed by a final
dynamic vacuum treatment down to 10 mbar. A FT-IR
spectrum was collected at room temperature before
contacting the sample at room temperature with pulses of a

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (A) Representative HR-TEM micrograph of Pt/Al,Oz (instrumental magnification 200 000X). (B) Corresponding particle size distribution

determined by analysing more than 700 particles. (C) H,-TPR.

10 vol% CO/He mixture up to an equilibrium pressure of
Pue/co = 30 mbar. An IR spectrum was collected at each
pulse.

For the experiments in gas-phase the FT-IR spectra were
collected with a Bruker Invenio IR spectrometer equipped
with a MCT detector by averaging 32 scans at 2 cm '
resolution.

2.2.2 IR experiments in liquid-phase. For the in situ ATR-
IR experiments, a slurry of the Pt/Al,O; powder catalyst
(ca. 10 mg) in Milli-Q water (ca. 1 mL) was dropped on
the ZnSe internal reflection element (IRE; 90 x 10 x 10
mm) and dried overnight in a fume hood. The dried
catalyst layer was then inserted into a horizontal ATR-IR
cell working in continuous flow and whose temperature
was regulated wusing a recirculating water bath.
Cyclohexane was selected as the solvent, because it does
not exhibit major absorptions in the spectral region of
interest and it is considered relatively innocent, contrary
to other solvents e.g. alcohols.®®®” For the H, adsorption
experiment, the catalyst was heated up to 70 °C under a
continuous flow of Ar-saturated cyclohexane using a
peristaltic pump (Ismatec) and left at 70 °C for 5 min. A
first spectrum was collected and used as background.
Then, the sample was contacted at the same temperature
with H,-saturated cyclohexane. ATR-IR spectra were
recorded every minute for 60 min before switching the
flow to Ar-saturated cyclohexane in order to investigate
the stability of the adsorbates.

For the CO adsorption experiment, the catalyst layer was
reduced in H, at 70 °C as described above, then cooled to
room temperature in Ar-saturated cyclohexane and contacted
with cyclohexane saturated with a 5 vol% CO/Ar mixture.

This journal is © The Royal Society of Chemistry 2022

ATR-IR spectra were recorded continuously every minute for
60 min.

All the measurements were performed with a Bruker
Vertex70 spectrometer equipped with a MCT detector and a
commercial ATR mirror unit. The ATR-IR spectra were
collected by accumulating 20 scans at 4 cm ™" resolution.

3. Results and discussion

3.1 Pt-Hydrides formation and dynamics upon reducing the
H-coverage

Fig. 2A shows the sequence of IR spectra collected during
gas-phase reduction of Pt/Al,O; at 70 °C in the region
characteristic for the v(Pt-H) vibrational modes of linear
Pt-H species. For the sake of clarity, this experiment is
equivalent to the one reported in our previous work,*® but
performed at 70 °C instead of 120 °C in order to allow for a
direct comparison with the experiments in the liquid phase.
As soon as the catalyst was contacted by the N,/H, flow, the
growth of bands in the v(OH) and §(OH) region (not shown)
testified the formation of H,O that was accompanied by the
simultaneous appearance of a few weak bands in the v(Pt-H)
region. According to the literature® ™ and following our
previous work,” band I at 2115 em™ (which is detectable
only in the presence of gaseous H,) is attributed to a weakly
adsorbed hydride. Bands II and III at 2045 and 1990 cm™
(the latter appearing as a shoulder of the former) are
assigned to strongly adsorbed hydrides differing in terms of
their local environment. Finally, the weaker bands IVa and
IVb at about 1865 and 1740 cm™" are assigned to interfacial
Pt-H species, i.e. linear hydrides formed at Pt atoms in direct
interaction with the alumina support. The assignments are
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https://doi.org/10.1039/d1cy02233d

Published on 13 January 2022. Downloaded by |FP Energies nouvelles on 5/12/2022 2:13:43 PM.

Paper

PtHx FORMATION

PtHx RECONSTRUCTION

1 Iom Ve b

2100 2000 1900 1

2100 2000 1900 1800 1700

800 1700

T

I o m Vo b

1
Josos A\

Absorbance (a.u.) Absorbance (a.u.)

2100 2000 1900 18001700 2100 2000 1900 1800 1700

T T T T T T T T T T

C c

2GAS| 2L1Q

Norm. abs. (a.u.)

2100 2000 1900 1800 1700
Wavenumber (cm)

2100 2000 1900 1800 1700

Wavenumber (cm™)
Fig. 2 (A) Evolution of the IR spectra in the region characteristic of
the v(Pt-H) vibrational modes for linear Pt-H species during the gas-
phase reduction of Pt/Al,Osz in N,/H, at 70 °C. Spectrum 1GAS was
collected after 10 min in Ny/H, flow. (A’) Evolution of the IR spectra
during the successive H, desorption in N, flow at 70 °C, up to the
maximum intensities of the v(Pt-H) bands. Spectrum 2GAS was
collected after about 1 h in desorption conditions. (B) and (B') are the
same as (A) and (A') for the ATR-IR experiment performed in liquid
phase. Spectrum 1LIQ was collected after about 1 h in hydrogenation
conditions, while spectrum 2LIQ after about 1 h in inert conditions. (C)
Comparison of the final spectra reported in (A) and (B). (C)
Comparison of the final spectra reported in (A’) and (B).

summarized in Table 1. All the five bands gradually
intensified over time almost at the same rate and reached a
steady condition after about 10 min (spectrum 1GAS). At that
point H, was removed from the flow, and the desorption
process was monitored (Fig. 2A"). Band I rapidly disappeared,
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while the other bands evolved in a counterintuitive way. The
intensity of bands II and III passed through a minimum and
then rose, while that of bands IVa and IVb increased
constantly. These v(Pt-H) bands reached their maximum
intensity after about 1 h (spectrum 2GAS) and then they all
vanished rapidly, following the observations reported in our
previous work.*

This counterintuitive behavior is the same observed for
the same sample measured in the presence of H, at 120 °C,
that was explained with a reconstruction of the hydrogenated
Pt nanoparticles driven by a change in the H-coverage.”
Several theoretical models predict the occurrence of this
phenomenon for Pt particles of subnanometric and
nanometric size, which is also in accordance with
experimental structural data obtained by XAS,'®'6:21:2425,27,34
According to theoretical models, at high H-coverage Pt;;
nanoparticles adopt preferentially a cuboctahedral geometry
poorly interacting with the support because they are H-
solvated, mainly by multi-folded hydrides which are not
visible by IR spectroscopy. Upon decreasing the H-coverage,
the Pt;; nanoparticles reconstruct into a biplanar geometry
strongly interacting with the support, which is accompanied
by a conversion of multi-folded hydrides into linear ones,
thus explaining the intensification of the v(Pt-H) bands in
the IR spectrum.

Fig. 2B and B’ show the results of the same experiment
performed in liquid phase. The evident similarity to the gas-
phase experiment allows us to translate the assignment of
the observed signals to Pt-H species (Table 1). Focusing the
attention on the hydrides formation step (Fig. 2B), from a
qualitative perspective the ATR-IR spectra possess the same
profile of those collected in the gas-phase (Fig. 2A), but there
are important differences in the position, relative intensity
and temporal evolution of the bands. Band I was barely
present in cyclohexane (2088 cm™'); band II was less intense
and red-shifted by ca. 25 cm™; band IVa was more evident
and red-shifted by ca. 30 em™', while bands III and IVb
remained unaffected. Moreover, the five bands did not grow
simultaneously as observed in the gas-phase experiment:
band III was the first one to appear, followed by band II. In
general, the kinetics of hydrides formation in the liquid-

Table 1 Assignment of the vibrational modes of Pt-hydride and Pt-carbonyl species on Pt/Al,Os in the gas-phase experiment as well as in cyclohexane.
The reported frequencies (in cm™) of PtH, refer to 1GAS and 1LIQ spectra of Fig. 2A and B. The reported frequencies of Pt-carbonyls refer to the
maximum CO-coverage obtained under the conditions adopted in this work (Fig. 4)

Linear Pt-hydrides, v(Pt-H)

Species 1 Species II Species IIT Species IVa and IVb
Gas-phase 2115 2045 1990 1865 and 1740
Cyclohexane 2088 2020 1990 1835 and 1740

Pt-Carbonyls, v(Pt-CO)

Linear Pt-carbonyls

Multi-folded Pt-carbonyls

Terrace sites (L1)  Edge sites (L2)

Corner sites (L3)

Bridged on terraces (B1) Bridged on edges (B2) 3-Fold (B3)

Gas-phase 2088 2070 2010
Cyclohexane 2080 2060 —
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phase was slower than in the gas-phase, likely as a
consequence of the low H, concentration in cyclohexane,
which is dictated by its solubility, and its higher diffusion
limitation from the liquid-phase onto the catalyst surface
than in the gas-phase. A direct comparison of the two final
spectra collected in the presence of H, is provided in Fig. 2C.

The differences between gas-phase and liquid-phase
experiments are even larger when looking at the evolution of
the IR spectra during the desorption step in cyclohexane
(Fig. 2B'). Band I rapidly disappeared, while band II was
quickly converted into band III within a few minutes as
indicated by the formation of an isosbestic point at 1988
em™". At longer time, only a constant drift in the baseline was
observed without further evolution in the position and/or
intensity of the bands. The kinetics involved is very different
from that observed in the gas-phase: the conversion of
species II into species III is very fast and the spectra do not
change further even after a very prolonged treatment in Ar-
saturated solvent, while in the gas-phase the increase in
intensity of species II and III is much slower. The final
spectrum (2LIQ) is compared in Fig. 2C' to that
corresponding to the maximum intensity of the v(Pt-H)
bands obtained under gas-phase conditions (spectrum 2GAS).
The complete absence of band II in the ATR-IR spectrum is
the major difference between the two experiments. It is
important to notice that, within the time interval
investigated, the Pt-H bands did not disappear, in contrast
to what was observed in the gas-phase and already reported
in our previous work.” This indicates that cyclohexane
stabilizes the Pt nanoparticles in a hydrogenated form even
in absence of hydrogen, preventing their reconstruction.

The set of data reported in Fig. 2 reveals that the
presence of the solvent alters the relative distribution of
the Pt-H species with respect to the gas-phase situation,
both during the Pt oxide reduction and during the H,
desorption steps. We find at least two possible
explanations for this behavior, which are not mutually
exclusive: i) in the presence of the solvent, the overall
H-coverage is lower than in gas-phase, either because the
solvent competes with hydrogen in the occupancy of the
adsorption sites and/or because the morphology of the Pt
nanoparticles is different in the two cases; ii) under these
conditions, in liquid-phase Pt is not completely reduced,
which also leads to an overall lower H-coverage. In
support of hypothesis i) it must be noticed that the
evolution of the ATR-IR spectra in liquid-phase during the
desorption step is very much similar to what occurs
during the catalytic hydrogenation of toluene in vapour-
phase,” and is ascribed to a competitive adsorption
between hydrogen and toluene. In support of hypothesis
ii) there is the experimental evidence that the Pt phase is
indeed not fully reduced in liquid-phase at 70 °C (as
demonstrated in the following section).

Another relevant effect of the solvent is the stabilization of
the Pt nanoparticles in a H-solvated form even in the absence
of H,. This appears particularly relevant during reaction. In

This journal is © The Royal Society of Chemistry 2022
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the case the reaction environment becomes poor in H,, the
solvent can disfavour hydrogen desorption and decrease the
rate of the morphologic reconstruction the Pt nanoparticles
experience in the gas phase.'®*'?*2%2%27 We gpeculate that
in this situation, the catalyst could sustain a reaction for
longer time.

3.2 CO adsorption at room temperature

The surface properties of the Pt nanoparticles were
successively investigated by means of CO adsorption at room
temperature, which is one of the most utilized methods for
the characterization of metal surfaces and of metal nano-
particles.®®®* Fig. 3 shows the sequence of transmission IR
spectra collected upon progressive CO adsorption on Pt/Al,0;
in the gas-phase (Fig. 3A and B) and in the liquid-phase
(Fig. 3C and D) in two different spectral regions, namely the
v(CO) region (Fig. 3A and C) and the region characteristic of
surface carbonates (Fig. 3B and D).

The sequence of IR spectra collected upon increasing the
CO coverage (0co) in gas-phase is complex. More in detail, a
total of six bands was observed in the v(CO) region (Fig. 3A),
which shift in position and grow at a different rate upon
increasing the CO partial pressure. Bands in the 2100-1900
em™ region (L1, L2 and L3) are characteristic of linear Pt-
carbonyls, while those in 1900-1700 cm™" (B1, B2 and B3) are
characteristic of multi-coordinated Pt-carbonyls. These bands
can be assigned on the basis of surface science studies,*®”?
as well as of the abundant literature on CO adsorption over
Pt-based heterogeneous catalysts’>’” " as follows (Table 1).

- Band L1 at 2077 cm " at low 0., and at 2088 cm ™ at
high 6co, is attributed to CO linearly adsorbed at terrace
SiteS.73_76'85

- Band L2 at 2060 cm ™' at low 0., and at 2070 cm ™ at
high ¢, is due to CO adsorbed at the particles edges.”>®*~%°

- The very broad band L3 centered at ca. 2010 cm™*, which
does not shift with 6o, is ascribed to CO adsorbed at
particles corners/kinks.>%”

- Band B1 at 1878 em ' and band B2 at ca. 1830 cm™’,
which are almost insensitive to 6o, are assigned to bridged
carbonyls on terraces and edges, respectively.5*%%°

- The broad band B3 at ca. 1790 cm™ is attributed to
3-fold coordinated CO at hollow sites.®>#%8¢:90:91

A rapid inspection of the spectra as a whole suggests a
predominance of defects (edges and corners/kinks) rather
than extended terraces, as expected because of the very high
metal dispersion.

When analyzing the whole sequence of spectra as a
function of Oco in a narrower spectral range, additional
relevant information can be obtained. After the very first
small pulses of CO, L1 and L2 were the first bands to appear,
immediately followed by L3; bands due to bridged species
appeared later. Upon increasing 6go, all the bands
intensified, but did not shift until Pyeco of about 2 mbar
(bold orange spectrum in Fig. 3A). At this point, band L1
stopped growing and blue-shifted, band L2 blue-shifted while

Catal. Sci. Technol, 2022,12,1359-1367 | 1363
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Fig. 3 (A) FT-IR spectra of CO adsorbed at room temperature on Pt/Al,O3 (activated and reduced at 70 °C in gas-phase) in the v(CO) region and
(B) in the 1700-1200 cm™ region, where the bands typical for surface carbonates are observed. The bold orange spectrum in (A) and (B) (Pye/co =
2 mbar) is the last one before observing the upward shift of bands L1 and L2 (see text). (C) ATR-IR spectra of CO adsorbed at room temperature
on Pt/AlL,Os (activated and reduced at 70 °C in liquid-phase) in the presence of cyclohexane in the v(CO) region and (D) in the 1700-1200 cm™
region. The bold light blue spectrum in (C) and (D) is that where the bands in 1700-1200 cm™ region are maximized. The insets in (A) and (C) show

a magnification of the 1900-1700 cm™ region.

still growing and band L3 slightly attenuated. In the region
of multi-folded carbonyls, bands B1 and B3 did not grow
further, while band B2 became dominant. The blue-shift of
bands L1 and L2 is explained in terms of a strong dipole-
dipole coupling interaction between adjacent CO molecules
at high 6co. The attenuation of band L3 and the
simultaneous intensification of band L2 is well explained by
the “transfer of intensity” concept proposed by Hollins:** in
the presence of strong dipole-dipole coupling involving more
than one adsorbed species, a transfer of intensity may take
place from a band at lower frequency to a band at higher
frequency.

It is worth mentioning that, at the same time, in the
1700-1200 cm ™" region (Fig. 3B) a few bands started growing
at ca. 1650, 1440 and 1230 cm™'. These bands are readily
assigned to the v(CO) and J§(OH) vibrational modes of a
family of bicarbonates typically formed on alumina activated
at low temperature.”® Interestingly, bicarbonates formed only
when 6co was high enough to determine a coupling
interaction among adsorbed CO (from bold orange spectra in
Fig. 3B). We hypothesize that they are the result of
disproportionation of two neighboring adsorbed CO
molecules, which give CO, (stabilized as bicarbonate at the
partially hydrated surface of alumina) and adsorbed carbon.
As a final observation, the fact that carbonate formation was
not observed at low 6co confirms that the Pt phase was
completely reduced, despite the low reduction temperature
(70 °C). With reference to the TPR curve of Fig. 1C, this
means that full reduction of the Pt-oxide phase can be

1364 | Catal Sci. Technol., 2022, 12, 1359-1367

achieved in the gas-phase even below 130 °C, provided that
the reduction time is sufficiently long.

Fig. 3C and D show the results of a similar experiment
performed in the liquid-phase, where the spectra were
collected as a function of exposure time of the catalyst to a
flow of CO-saturated cyclohexane. In this case, the gradual
increase in o is also affected by the diffusion of CO from
the solvent to the catalyst. In the »(CO) region (Fig. 3C), the
evolution of the spectra was much simpler than in the gas-
phase. Contrary to what observed in gas-phase, the v(CO)
bands intensified at the same rate and did not shift until
reaching saturation (Fig. 3C). This indicates that when the
catalyst is in the liquid environment under these
experimental conditions, dipole-dipole coupling between
adsorbed CO molecules is not favored and thus the overall
fco is much lower than in the absence of the solvent.
Nevertheless, these spectra are not the same as those
collected in gas-phase at very low 6#co, the most striking
difference being the almost total absence of bands L3 and
B3. In the carbonates region (broad signals in the 1700-1200
em™ region; Fig. 3D) the spectra are more complex than in
gas-phase and the appearance of carbonate species already in
the early stages of CO adsorption reveals the occurrence of a
rich chemistry. Observation of carbonates as soon as CO
reached the sample is a strong indication that the Pt phase
was not fully reduced after the reduction at 70 °C in the
liquid-phase. CO reduced this fraction of oxidized Pt with the
consequent production of CO,, which is stabilized by the
alumina support as carbonate (light blue spectra in Fig. 3D).

This journal is © The Royal Society of Chemistry 2022
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This demonstrates that H,-reduction at 70 °C was less
efficient in the presence of cyclohexane than in the gas-
phase. The poor solubility of H, in cyclohexane is a possible
explanation, but we cannot exclude that the geometry of the
ATR-IR cell, in which the solvent mostly by-passes the catalyst
layer, could also play an important role. Formation of
carbonates was completed after a few minutes, while Pt-
carbonyls kept growing for longer time. Finally, it is worth
noticing that in the liquid-phase experiment the
simultaneous growth of carbonates and carbonyls as well as
the shiftless growth of signals of carbonyls indicate that
disproportionation of CO and the consequent formation of
carbonates did not occur, thus confirming that
disproportionation requires two vicinal adsorbed CO
molecules as it was observed in the spectra collected in gas-
phase.

Fig. 4 compares the IR spectra collected at the maximum
fco in the two experiments in the gas-phase and in the
liquid-phase. It is evident that the spectrum of CO adsorbed
on Pt/Al,0; in cyclohexane is simpler than that of CO
adsorbed in the gas-phase, with only two bands in the region
of linear carbonyls, and two bands in the region of bridged
carbonyls. Bands L1 and L2 are observed at 2080 and 2060
em " in the liquid phase experiment, which are the values
expected for linearly adsorbed CO on terraces and edges
when isolated; moreover, the relative intensity of band L1 is
much lower than in spectrum GAS and bands L3 and B3 are
absent. All these observations suggest that the adsorption
sites located at the flat domains of the nanoparticles (bands
L1 and B3), as well as on corners/kinks (band L3), are less
accessible to CO in the presence of the solvent, which forces
CO to adsorb prevalently at the edges (bands L2 and B2). This
suggests that in the presence of the solvent there are less
sites available for CO adsorption, most likely because the
solvent competes with CO for adsorption on the Pt surface.®®

Finally, we should note that we have performed a purely
qualitative study. We do not have yet the elements to
compare quantitatively the coverages of CO and hydrides in
the two different environments. We have to consider that a

N

GAS 1900 1800

Norm. Abs. (a.u.)

Trvryrfrrrr LT
2100 2000 1900 1800

Wavenumber (cm™)

Fig. 4 IR spectra of CO adsorbed at room temperature on Pt/Al,O3
activated and reduced at 70 °C in gas-phase (GAS) and in liquid-phase
(LIQ) in the v(CO) region. The inset reports a magnification of the
1900-1700 cm™ region of multi-coordinated carbonyls. Spectra GAS
and LIQ were arbitrarily normalized to the intensity of band L2.
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direct comparison of the intensities associated with adsorbed
CO species in the gas and in the liquid phases cannot be
performed, because of the different environment, optical
geometries of the experiments and CO-coverage (likely lower
in liquid-phase because of the competitive effect of the
solvent). In order to proceed to a reliable quantitative
prediction, the degree of the CO-coverage under the adopted
experimental conditions, the metal surface area and the
relative proportion of the different families of binding sites,
as well as their energetics and the extinction coefficients of
all the adsorbed species, should be known exactly. The data
presented here allows us to qualitatively describe the surface
sites available at the Pt nanoparticles and to predict which
sites are favored in the liquid environment by comparing the
differences in the relative intensities in the two cases.

4. Conclusions

In this work, we aimed at bridging the gap of knowledge of
the adsorption phenomena occurring at the solid-gas and
the solid-liquid interfaces. To this end, we investigated the
adsorption of H, and CO over an industrial Pt/Al,O; catalyst
using transmission IR spectroscopy in gas-phase and ATR-IR
spectroscopy in the liquid-phase.

We found that reduction by H, at 70 °C is less efficient in
the presence of the solvent (in this case, cyclohexane) than in
the gas-phase, probably due to the poor H, solubility in
cyclohexane and/or to the particular geometry of the
spectroscopy cell used to analyze the solid-liquid interface.
Contrary to gas-phase case, the solvent stabilizes the Pt
nanoparticles in a partially hydrogenated form even in the
absence of H,, preventing their complete reconstruction. Not
only the Pt-H species stability is affected, but also their
relative distribution. This suggests that the solvent competes
with H, for the occupation of the surface sites, thus
determining an overall lower H, coverage. Competition
between the solvent and the adsorbing molecule was also
observed in the case of CO. A careful comparison of the
transmission and ATR-IR spectra of adsorbed CO allowed us
to conclude that the adsorption sites located at the terraces
as well as on kinks are less accessible to CO in the presence
of the solvent. Therefore, CO adsorbs prevalently at the edges
of the Pt nanoparticles. This different behavior may bear
important implications for the reactivity of the Pt
nanoparticles in heterogeneously catalyzed reactions in the
gas- and in the liquid-phase.
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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

KEYWORDS: platinum nanoparticles, hydrogenation, inelastic neutron scattering, density functional theory, nanoparticles ductility

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 Ptj; nanoclusters on y-ALO; 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
academic interest but also relevant for industrial applica-
tions." "'

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

https://doi.org/10.1021/acscatal.2c00606
ACS Catal. 2022, 12, 5979-5989


https://pubs.acs.org/doi/10.1021/acscatal.2c00606?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c00606?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c00606?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c00606?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c00606?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c00606?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c00606?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c00606?fig=fig5&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c00606?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

AS(®)

= H-species formed
during experiment (1)

Fit solution

— S
0.003 I T T T T T T T T T T T T T T T T T
250 500 750 1000 1250 1500 1750 2000 2250 2500
Energy Transfer (cm™)
40
30
20
10
Pt38H72 0.5% PtSSHS %o o5 10 15 20 25
particle size (nm)

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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ABSTRACT: An evaluation of the performances of several known
low-cost methods for the reproduction of structural features of
differently sized Pt nanoparticles (NPs) is presented. The full

m Metrics & More ’ Q Supporting Information

density functional theory PBE-dDsC functional (within the plane- —
wave formalism) was employed to benchmark the semiempirical

tight-binding DFTB and GFNn-xTB (n = 0, 1, 2) and the reactive GFNO-xTB
force-field ReaxFF. Performances were evaluated by comparing \ DFTB
several size-dependent features (such as relative stabilities, GFN2-XTB : /] | genaxTe
structural descriptors, and vibrational features) computed with PBEdDC

the different methods. Various structures (ordered and amorphous)
and sizes (from Pt;; to Pty;) were considered in the datasets.
ReaxFF molecular dynamics (MD) was employed to achieve the
amorphization of cuboctahedral Pt 4;, Ptygo, and Pt geometries,
which were subsequently optimized with both the low-cost methods and the DFT reference, within a multilevel modeling approach.
The structures were further annealed with GFNO-xTB MD. While DFTB performs quite well over all the selected structures, GFN2-
xTB and the cheaper GFNO-xTB show a general predilection for amorphous geometries. The performances of GFN2-xTB are found
to worsen with the increasing size of the system, while ReaxFF and GFNO-xTB undergo the opposite trend. We suggest that the
semiempirical DFTB (and within certain limitations GFNO-xTB and ReaxFF) could be suited for fast screening through amorphous
big-sized Pt NPs.

1. INTRODUCTION

The importance of metal nanoparticles (NPs) in modern
technology has grown exponentially since scientists started
studying their properties and engineering during the last
century. Pt NPs display unique characteristics (resistance to
oxidation, biocidal activity, plasmon resonance, etc.), which
made them employable in a great variety of applications: from

and convoluted experimental responses strongly depending on
reaction conditions."* Hence, the atomic scale determination
of these systems requires the use of cutting-edge character-
ization techniques in combination with state-of-the-art
computational chemistry methods.">™'” The advance of
density functional theory (DFT) and the development of
high-performance computing (HPC) facilities has led to
numerous progresses in the understanding of the properties

biosensors to electronics, catalysis, and more."”” One of the
most interesting features of Pt NPs is their ability to activate
and sometimes dissociate many molecules of environmental
and industrial relevance, such as H,, CO, CO, and organic
compounds.”* The activity enhancement gained by dispersing
metal nanoparticles of controlled size on support materials,
such as oxides or carbons, has indeed given heterogeneous
catalysts based on supported Pt NPs a central role in several
catalytic processes,” like pollutant removal,”” hydrogenation/
dehydrogenation reactions,””"" naphtha reforming,'>'* etc.
The fine understanding of the properties of Pt NPs is
challenged by their complex and ductile structure, which is
very sensitive to the chemical environment (reactants or nature
of the support). Usually, Pt NPs display a great variety of sites
whose coordination depends on the NP’s shape, size, and
structural disorder, giving birth to an overlap of contributions

© 2023 The Authors. Published by
American Chemical Society

WACS Publications

of Pt NPs through the last decades.”® For instance, a great
variety of shapes has been found for isolated Pt clusters,”' ~**
while the interaction of Pt NP’s with oxide supports™ > and
various reactants (such as H, or CO) has been investigated for
clusters ranging from 2 up to around 200 atoms.”*>*"’
Nevertheless, one of the frontiers of the field arises from the
fact that DFT can be employed for accurate calculations on
simple systems featuring up to around a few hundred atoms,

——
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but it becomes rapidly too demanding when increasing the
number of metallic atoms involved.””** This aspect represents
a strong limitation to the development of realistic models,
often compelling researchers to rely on simplifications such as
reduction of system’s size and of nanostructure complexity.

The process of building reliable molecular models of metallic
NPs comprehends a preliminary step in which many candidate
structures have to be screened for a given NP size.”* During
this step, the potential energy surface (PES) has to be explored
in order to find the most stable minima that can be relevant
and populated at a given temperature.””*° Even though various
algorithms, such as global optimization®**’~*" and simulated
annealing by ab initio molecular d)rnzinlics,21’40_43 can be used
to generate and explore candidate structures for metallic
clusters, the main bottleneck of this step is the computational
method employed to describe the PES. For example, an
exhaustive PES exploration within a full-DFT approach can be
carried out only for small and simple systems at a high
computational cost. Adopting a multi-level modeling scheme
often represents an efficient workaround, envisaging the
exploitation of low-cost approximated methods (semiempirical
(SE) functionals, force-fields (FF), neural network potentials,
etc.) instead of DFT for the exploration of the PES.”*** Even
though this strategy can massively reduce the computational
cost of the process, the approximations on which these
methods rely always entail an accuracy loss to some extent.
Moreover, the stronger these approximations are, the weaker
the transferability of the method. Thus, the accuracy of
approximated low-cost methods must be thoroughly assessed
against reference methods that are proven to be trustable for
the systems at issue.

In this paper, we benchmark the performances of several
low-cost computational methods for the computation of
structural properties and size effects on Pt nanoparticles of
stoichiometry Pt;s;, Ptss, Pty4;, Pty, and Pt The semi-
empirical tested methods are density functional tight binding
(DFTB)* and three methods belonging to the GEN extended
tight binding family: GENO-xTB,** GEN1-xTB,"” and GFN2-
xTB,*® where the acronym “GFN” stands for “geometries,
frequencies and noncovalent interactions”. The ReaxFF'*°
reactive force field was tested in the same fashion. DFTB and
the ReaxFF are well-known methods that have already been
frequently employed in heterogeneous catalysis.”' >* On the
other hand, the recently developed GFN methods were first
benchmarked against high-level DFT, wave function theory
(WFT), and experimental data mainly for organic and metal—
organic compounds.****~* However, their promising appli-
cations reported in the past few years’”®” together with their
low computational cost and their atom-specific parametrization
make their accuracy worth to be assessed on metal NPs as well.

Due to the lack of clear insight from the literature, our
benchmark strategy for this study was built as follows. A small
structural dataset containing 14 different Pt,; NPs, divided into
amorphous and ordered structures, was considered to first test
the performances of all the listed methods. The benchmark was
performed by assessing their ability to reproduce relative
stabilities, thermochemical parameters and structural descrip-
tors (bond lengths, bond angles, and radii of gyration)
computed at the PBE-dDsC°*°* level for every NP of the
dataset. An analogous approach is adopted for two sets of
amorphous NPs of Pt;; (54 structures) and Pty (93
structures) stoichiometry, in order to evaluate the particle
size effect. The ultimate task of the work will be to propose a

cost-effective simulated annealing procedure combining
ReaxFF and GFNO-xTB to generate reliable amorphous
structures for large Pt, NPs (x = 147, 309, S61). In the last
section, this route is critically analyzed, pointing out its
advantages and limits to overcome.

2. METHODOLOGY

2.1. Computational Details. DFT calculations were
carried out within the plane-wave formalism, thanks to the
VASP®*% code (version S5.4.4). The PBE exchange—
correlation functional®® was employed, setting an energy cutoff
of 400 eV for Pt;; and Ptys and 300 eV for Pty Pty and
Pti;;. The choice of the PBE functional is due to its
computational cost and general applicability,”’” allowing us to
compute energies and geometries for the biggest NPs
considered in this work, coupled with its relevance for
simulating Pt and surfaces of transition metals in general.68
The dDsC correction,®” benchmarked for redicting molecular
adsorption at Pt surfaces by Gautier et al,,”” was added to take
into account dispersion interactions, while core electrons were
described with the PAW method.”" To motivate our reference
functional choice, we evaluated the performances of PBE, PBE-
dDsC and PBEsol”* on the Pt,;small dataset (details about the
dataset are given in the next section). The comparison between
relative energies computed with the three functionals is
presented in Figure S1 of the Supporting Information. The
small deviations (below 0.03 eV/atom) observed between the
data obtained with the different functionals confirm that the
impact of the reference GGA functional lies in the background
if compared with the effect of a geometry optimization at the
SE or FF level. A Gaussian smearing (¢ = 0.05 eV) was applied
to accelerate the convergence of the electronic iterations. The
threshold for all the electronic energy minimizations was fixed
to 1077 V. Spin-polarized calculations were performed for Pt, 5
and Ptg;. Geometries were optimized with the conjugate-
gradient algorithm until the residual forces were below 0.005
eV/A. Although geometry optimizations of NPs of sizes up to a
few hundred of atoms are feasible at the PBE level, the same
process is thousands of times faster if employing the low-cost
methods at issue (Figure S2). Thus, understanding to what
extent results obtained with the latter deviate from the PBE
reference is crucial to safely exploit this massive gain in
computational time.

DFTB calculations were carried out through the DFTB+
code (version 21.1).* Electronic energies were computed by
setting a self-consistent charge (SCC) tolerance of 2.7 X 107/
eV, a maximum angular momentum [, = 2 and a Fermi—
Dirac smearing featuring an electronic temperature of 500 K,
following the settings chosen in ref 23. Geometries were
optimized with the conjugate-gradient algorithm until the
residual forces were below S X 107* eV/A. The employed
Slater—Koster parameters were adopted from ref 23.

Calculations performed with the GFNn-xTB methods were
executed with the xTB code (version 6.4.0).>* The threshold
for convergence on electronic energies was set to 10°¢ eV,
while geometries were optimized through the ANCOPT
algorithm with a convergence criterion of 0.01 eV/A. We
checked that using a tighter convergence criterion does not
affect the results reported herein.

ReaxFF calculations were run within version 6.0 of the
General Lattice Utility Program (GULP),”” exploiting a
parametrization derived in ref 74. The latter was made with
the final aim of modeling the interaction between Pt clusters

https://doi.org/10.1021/acs.jpcc.3c02799
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and carbon platelets. The convergence criterion for geometry
optimizations was set to 0.005 eV/A.

All of the above-mentioned thresholds were chosen in order
to avoid negative eigenvalues of the Hessian matrix during the
computation of harmonic vibrational frequencies. To this
purpose, the finite differences method was adopted for the
VASP, DFTB+, and xTB code (elongation +0.01 A +5%x107°
A, +£0.0025 A, respectively), while analytical derivatives were
computed with GULP. The computed vibrational frequencies
were post-treated, through the laws of statistical thermody-
namics,”” to extract the vibrational contributions to the
following thermodynamic quantities: enthalpy (H,;), entropy
(Syp), and the Zero Point Vibrational Energy (ZPVE). The
vibrational contribution to the Gibbs free energy (G,;) at T =
300 K is computed as follows:

Gy, = Hyp, — TSy, + ZPVE (1)

MD simulations were carried out in the NVT ensemble.
ReaxFF MD was performed with the Nosé thermostat’® and
the velocity-Verlet algorithm at different temperatures (details
are given in the next section). The employed time-step was 0.5
fs, while the total simulation time was 10 ps. The Berendsen
thermostat’” was employed for GFNO-xTB MD at 2000 K,
with a time-step of 2 fs and a total simulation time of 50 ps.

2.2. Datasets and Models. The performances of the
chosen low-cost methods were evaluated by investigating four
structural datasets (coordinates in XYZ format of PBE-dDsC
structures for each data set are given in the Supporting
Information):

® Pt;ssmall dataset: 14 structures divided into ordered and

amorphous
Coordinates of structures belonging to this dataset

have different origins: the structures cbpt (capped
biplanar triangle), nbp (new biplanar), scsc (side-capped
simple cubic), dscsc (disordered side-capped simple
cubic), tcsc (top-capped simple cubic), bbp (buckled
biplanar), and ico (icosahedral) are taken from ref 21.
The structures sa and sa2 are still taken from ref 21 and
differ from the previous ones as they are generated
through first-principles simulated annealing (hence the
“sa” terminology). The structures go2, go3, and go4 are
taken from ref 23 (where “go” stands for “global
optimization”). The structures nsx0 and nsx2 were
obtained by optimizing at GFNO-xTB and GFN2-xTB
level amorphous structures from previous DFT calcu-
lations.

Pt ;amorphous dataset: 54 amorphous structures (coor-

dinates adopted from ref 23)

Ptgsamorphous dataset: 93 amorphous structures (coor-

dinates adopted from ref 23)

e Multi-sized dataset: S amorphous structures of stoichi-
ometry Pt;3, Ptgs, Pty47, Ptago, Ptss; (presented in Figure
1) considered to evaluate the size-dependency of the
performances of the tested methods.

Pt;3 and Ptgs structures in this dataset correspond to
the lowest-energy structures of the Pt;; and
Ptssamorphous datasets, respectively. Amorphous Pty
Pty and Pt were obtained through the amorphiza-
tion of the ordered cuboctahedral geometry, as
schematized in Figure 2A. Cuboctahedral nanoparticles
were first cut out of the Pt bulk and subsequently
subjected to ReaxFF MD. Different temperatures,
ranging from 800 to 2700 K, were tested to find the

18456

Pt;;

Pty Pty Ptygo

Pty

Figure 1. Examples of structures of NPs belonging to the multi-sized
dataset optimized at the PBE-dDsC level at 0 K.

minimal temperature to shake cuboctahedral geometries
in order to explore various conformational states. A
complete amorphization of the structure was achieved at
2000 K for Pt 2500 K for Ptyy,, and 2700 K for Ptgg;.
The lowest-energy structure of each MD run was
quenched at 0 K with ReaxFF, obtaining an amorphous
ReaxFF geometry for each stoichiometry. The geo-
metries of the obtained structures were optimized with
the low-cost methods, as well as with PBE-dDsC. GFNO-
xTB geometries were finally annealed through GFNO-
xTB MD, aiming to enhance the accuracy of the
generated NP models through higher-level MD. Several
candidate low-lying energy conformations per stoichi-
ometry were quenched at 0 K with GFNO-xTB in this
case, taking as output only the lowest-energy structure
resulting after PBE-dDsC single point energy evalua-
tions. Notably, for this part of the study, we will only
compare energies evaluated at our reference level of
theory (PBE-dDsC), as will be discussed in section 3.3.
The energies computed at the GFNO-xTB level are not
considered. The sampling approaches for ReaxFF and
GFNO-xTB MD are exemplified in Figure 2B for Pty ;.

Structures belonging to the Pt 3small dataset were first
optimized at the PBE-dDsC level. The thus obtained
geometries were further optimized with all the low-cost
methods, and we evaluated their performances by
comparing bond lengths, bond angles, radii of gyration,
relative stabilities, and thermochemical parameters
computed by the low-cost methods with the reference
PBE-dDsC (section 3.1). The benchmark on the
Pt samorphous dataset and Ptgsamorphous dataset (sec-
tion 3.2) was carried out analogously, although vibra-
tional frequencies (and thus thermochemical parame-
ters) were not computed. Moreover, GFN1-xTB was not
tested on the Pt;; and Ptssamorphous datasets due to the
poor performances exhibited for the Pt small dataset. As
outlined in Figure 24, all the structures of the multi-sized
dataset (section 3.3) were subjected to a PBE-dDsC
single point energy evaluation. Thus, the outcome of the
employed multi-level procedure was inspected by
analyzing the deviations on PBE-dDsC electronic
energies and bond lengths between the low-cost and
PBE-dDsC geometries. GFN1-xTB was not employed in
this section for the aforementioned reason, while GFN2-
xTB was discarded because of the inability to reach a
convergence in SCC calculations for Pt;,;, Pty and
Ptg4,. This work is mainly focused on amorphous NPs
since Pt NPs are experimentally known to show a
general preference for amorphous morpholo§ies which
vanishes when increasing the particle size.”® Notably,
after some preliminary tests, we testified the inability of

https://doi.org/10.1021/acs.jpcc.3c02799
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Figure 2. (A) Flowchart of the multi-level procedure adopted to build Pt,,;, Pt;0o, and Ptss; NPs within the multi-sized dataset. (B) Energy (referred
to the starting point) evolution versus simulation time for S ps of ReaxFF (pink) and GFNO-xTB (gray) MD for Pt,,;. The lowest ReaxFF structure
(dashed circle) was quenched at 0 K with ReaxFF. Among the highlighted lowest-energy GFNO-xTB structures (solid circles), only the most stable
conformer according to PBE-dDsC energies was chosen as the output of the procedure.
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Figure 3. Relative stability (with respect to the global minimum) of all the structures of the Pt,; small dataset, ranked according to their electronic
energy computed at PBE-dDsC level. Amorphous structures are represented in blue, while ordered ones are in orange.

the GFN methods to retain cuboctahedral geometries
for Pt, NPs with x > 13.

The graphical visualization and structural manlpulatlon of
the NPs was performed with VESTA (version 4.0.0).”” Images
of molecular models were rendered with VMD.** The kernel
density estimate (KDE) plots presented in section 3.2 were
created with the Python library Seaborn.®!

3. RESULTS AND DISCUSSION

3.1. Pt;; Small Dataset. All of the structures optimized at
the PBE-dDsC level are ranked according to their electronic
energy in Figure 3. As outlined in section 2, the 14 Pt;; NPs
are divided into two classes: “amorphous” and “ordered”.
While among the structures of the “amorphous” class, the
atoms are “randomly” organized in space, the atomic positions
in the “ordered” structures are subjected to stricter geometrical
constraints. The dispersion-corrected GGA electronic energies
suggest that for the Pt,; system ordered structures are generally
less stable than the amorphous ones. This trend is consistent
with the fact that the arrangement of atoms in ordered
structures is either cut out of the bulk or built to fit specific
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geometric shapes. On the other hand, most of the amorphous
structures (with the exception of sa, the most stable structure,
found by simulated annealing)*' shown here were obtained
through a global optimization procedure™
devoted to find the most stable geometries for this system.
One notable result about this dataset concerns the
cuboctahedral geometry, which has been widely employed as
a model nanoparticle for many metals due its straightforward
>%2 According to the

that was explicitly

extraction from an fcc crystalline lattice.”
analysis of vibrational frequencies, the optimized cuboctahedral
structure (AE = 0.24 eV/atom with respect to the sa global
minimum) displays residual imaginary frequencies correspond-
ing to compression along the axis normal to the squared facets.
A line minimization was performed to scan the normal
coordinate associated with the imaginary frequency in order to
find the minimum conformation. After the line-minimization
procedure, the reoptimized geometry collapsed to the bbp
structure, implying the removal of the cuboctahedral Pt,; from
our dataset. This cuboctahedral structure was kept in ref 21
without confirming by frequency analysis if it was a true
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minimum. Nevertheless, the overall energy trend is consistent
with the one reported for sa, nbp, bbp, ico, and cub in ref 21.

After reoptimizing PBE-dDsC structures with the low-cost
methods, a detailed analysis of their performances was
achieved by extracting and comparing different features of
the NPs: geometries, relative stabilities, and thermochemical
parameters.

3.1.1. Geometries. To represent the geometrical features of
each NP, we extracted the Pt—Pt distances between nearest
neighbors (Figure 4A), the angles between three nearest
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Figure 4. Mean Absolute Error (MAE) for bond lengths (A) and
bond angles (B) and the signed deviation from PBE-dDsC for the
gyration radius R, (C) made by semiempirical methods (SE): GFNO-

xTB (gray), GFN2-xTB (green), and DFTB (red).

neighbors Pt atoms (Figure 4B) and the radius of gyration (R,,
Figure 4C). The errors of the tested low-cost methods for each
nanoparticle with respect to the PBE-dDsC reference are
reported in Figure 4. Only the errors for the three best
performing methods are shown in the main text due to the
poor results obtained with ReaxFF and GFNI1-xTB. Histo-
grams for all the methods are given in Figure S3.

The averaged mean absolute errors (MAEs) computed
separately for amorphous and ordered structures are reported
in Table 1. As emerges both from the histograms in Figure 4
and from Table 1, DFTB outperforms GFNO-xTB and GFN2-
xTB in most cases, showing errors below 0.1 A for bond
lengths and generally below 5° for bond angles. GFN2-xTB
systematically shows lower errors on amorphous geometries
(competing with DFTB), while its performances become poor
when evaluated on ordered structures. The results obtained
with GFNO are not undergoing any specific trend. However, it
is worth noting that for R, GFNO-xTB exhibits the lowest
deviation (in absolute value) for both amorphous and ordered
structures. Our interpretation of this behavior is that, even
though the “local” geometry is not strictly retained from DFT,
the global information on the shape of the particle is not
completely lost.

3.1.2. Relative Stabilities. In this section, we aim to assess
the performances of our low-cost methods on the energetic
ranking of the structures belonging to the Pt;3small dataset.
The energies are expressed here as relative stabilities with
respect to the global minimum, as was done for Figure 3. For
each geometry optimized at the PBE-dDsC level, we compare
the PBE-dDsC energy with the energy obtained with the
chosen low-cost method on the same atomic conformation,
thus neglecting the effect of SE geometry optimization in the
first place. We express the raw results in the form of histograms
(Figure S, full columns), while we quantify the degree of
agreement between the DFT and SE energies by means of a
linear regression analysis, which is performed separately for
amorphous and ordered structures. The regression parameters
(slope and determination coefficient (R*)) are compactly given
in Table 2, while the relative scatter plots are presented in
panels A, C and E of Figure S4.

Relying on the reported values of R, the regression analysis
shows itself to be rather inglorious for GFNO-xTB energies,
classifying again DFTB as the best performing method (in line
with the parametrization of ref 23), followed by GFN2-xTB.
Here, the different behavior for ordered and amorphous
structures is evident not only for GFN2-xTB but also for

GFNO-xTB and DFTB, even
difference is almost negligible.
GFNO-xTB, the performances
morphology-dependent, being

though for the Ilatter the
Despite the poor results of
of GFN2xTB are strongly
competitive with those of

DFTB only for the amorphous structures. The generally
coarse results of GFNO-xTB are reflected in the histograms of
Figure 5B, from which it appears its inability to reproduce the
stability trend depicted by PBE-dDsC energies (Figure SA).
While both GFN2-xTB and DFTB perform well for
amorphous structures, they behave differently for the ordered
ones: DFTB is slightly underestimating their stability (Figure
SD), while the trend is less uniform for GFN2-xTB (Figure
SC).

At this point, we mean to take into account the effect of
geometry optimization at the SE level. To this purpose, we
carried out an analogous analysis by comparing the PBE-dDsC
relative energy with the relative energy obtained with the
chosen low-cost method on the same NPs after geometry
optimization. The corresponding histograms are presented in
Figure S (striped columns), while the regression parameters
are reported in brackets in Table 2 (the relative scatter plots
are presented in Figure SS).

The value of R® generally decreases upon geometry
optimization with SE methods, which is consistent with the
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Table 1. Averaged Errors on Bonds, Angles and R, for the Small Pt,; Dataset

bonds MMAE (A)“ angles MMAE (deg)” R, MAE (A)"
GFNO-xTB GFN2-xTB DFTB GFNO-xTB GFN2-xTB DFTB GFNO-xTB GFN2-xTB DFTB
Amorphous 0.18 0.09 0.06 7.9 42 2.8 0.026 0.028 0.037
Ordered 0.26 0.24 0.05 10.9 103 1.1 0.033 0.066 0.040

“The averaged error on bond lengths and angles is expressed as Mean MAE (MMAE). The average error on R, is expressed as a MAE. All the
quantities are computed separately on amorphous and ordered structures to highlight the morphology-dependent behavior of the tested methods.
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Figure S. Relative stabilities (with respect to the global minimum) of the structures of the Pty small dataset, computed with PBE-dDsC (A),
GFNO-xTB (B), GFN2xTB (C), and DFTB (D). Full columns correspond to single point energy evaluations performed on the frozen PBE-dDsC
geometry, while striped columns report the SE energy of the same NP after geometry optimization. Circles indicate amorphous structures, while

triangles indicate ordered ones.

Table 2. Determination Coefficients and Slopes of the Regression Analysis Performed on Relative Stabilities (PBE-dDsC

versus SE Energy)

GFNO-xTB//PBE-dDsC* (GFN0-xTB)"

GFN2-xTB//PBE-dDsC* (GFN2-xTB)"

DFTB//PBE-dDsC* (DFTB)”

R Slope R? Slope R* Slope
Amorphous 0.53 (0.004) 030 (0.13) 0.90 (0.77) 0.70 (0.82) 0.93 (0.93) 0.54 (0.50)
Ordered 0.06 (0.005) —0.18 (—0.06) 0.63 (0.70) 1.00 (1.50) 0.82 (0.75) 0.80 (0.77)

“The regression was performed on relative stabilities computed by SE methods on frozen PBE-dDsC geometries. *The regression was performed

on relative stabilities computed after reoptimization at SE level.

natural action of forces that modify atomic coordinates during
geometry optimizations. The case of GFN2-xTB on ordered
structures is less trivial. Even though the higher value of R?
suggests a better correlation between data points, the high
slope value (Table 2) indicates a general compression of the
energetic range covered by PBE-dDsC, which is reflected in
the histograms (Figure SC). Moreover, the significant
difference between the relative stabilities of ordered structures
before and after GFN2-xTB geometry optimization is
consistent with the significant MAE on bond lengths and
angles discussed in section 3.1.1. DFTB is less sensitive to
geometry optimization than the other methods for all
structures and provides a more coherent stability trend with
respect to PBE-dDsC.

18459

3.1.3. Vibrational Frequencies and Thermochemical
Parameters. While the previous section checked how the
semiempirical methods are able to identify the energy minima
of the potential energy surface, we now aim to analyze how
these methods describe the fluctuation of the systems in the
close vicinity of those energy minima. First, harmonic
vibrational frequencies were computed for each structure at
different levels of theory. Information about the deviations of
the unprocessed vibrational frequencies computed with low-
cost methods with respect to PBE-dDsC can be found in
Figure S6.

According to the mean bias errors (MBE) presented in
Table 3 and the histograms of Figure 6 and Figure S7,
deviations on the vibrational enthalpy (H.;) plus ZPVE are
found to be negligible compared with the entropic term.

https://doi.org/10.1021/acs.jpcc.3c02799
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Table 3. Averaged Errors on Gy, —TS,;,, H,y, and ZPVE for
the Small Pt;; Dataset

MBE MBE
MBE [G,;] [-TS,] MBE [H,] [ZPVE]
(kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
GFNO0-xTB 8.0 6.9 —1.3 2.4
GEN2-xTB ~162 —162 2.8 27
DFTB 127 113 24 38
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Figure 6. Deviations of GFNO-xTB (gray), GFN2-xTB (green), and
DFTB (red) with respect to PBE-dDsC on the computation on the
vibrational free energy and entropy (TS;,) at T = 300 K. We did not
plot Dev [Hvib + ZPVE] since it was fully balanced around 0 and
always below 4 kJ/mol.

Hence, since the vibrational free energy is computed as
reported in eq 1, the error on G, comes predominantly from
the —TS,;, term. The main contribution to H,; comes from
high-frequency modes,** which are most likely associated with
close bonding and stretching modes. S, on the other hand, is
more sensitive to low-frequency modes, corresponding to
concerted movements of the whole NP. Thus, the negligible
error on H, signifies that all the methods are well describing
the shape of the potential well associated with high-frequency
modes and thus to close bonding, where it is less true for the
concerted vibrations. Nevertheless, the magnitude of G
remains rather small (less than 16 kJ/mol), which implies
that the relative stability of all structures is not modified at T =
300 K by vibrational contributions whatever the method used
(Figure S8).

Analyzing the histograms in Figure 6, two main observations
can be made: GFNO-xTB shows the smallest deviation from
the standard PBE-dDsC and the deviation of GFN2-xTB
follows the opposite trend with respect to the other two
methods. This behavior indicates that for low-frequency
modes, while DFTB and GFNO-xTB are computing tighter
potential wells with respect to PBE-dDsC, the same potential
wells computed by GFN2-xTB are looser. This means that
GFN2-xTB, in contrast to DFTB and GFNO-xTB, under-
estimates force constants for vibrations in which the whole
nanoparticle is involved.

3.2. Pt and Pt;; Amorphous Datasets. As described in
section 2.2, a procedure analogous to the one applied to the

Pt;3small dataset was adopted for the two large datasets of
amorphous Pt; and Ptss NPs. All the geometries optimized at
PBE-dDsC level were reoptimized with GFNO-xTB, GFN2-
xTB, DFTB, and ReaxFF. The agreement of the tested
methods with the PBE-dDsC reference was evaluated by
comparing three geometric descriptors (bond lengths, bond
angles, and R,) and the relative energies of the structures
belonging to the two datasets.

Figure 7 reports the distribution of the signed deviation on
bond lengths, bond angles, and R, computed for all the tested
low-cost methods, for both the Pt;; and Pts; amorphous
datasets. Since the signed deviation is a discrete variable in
these cases, continuous probability density functions were
estimated through the Kernel Density Estimation (KDE)
procedure, with the Seaborn library®" available in the Python
code. The KDE plots for each geometric descriptor are
computed by employing the same smoothing factor, thus
legitimating the comparison between the probability density
functions of the two datasets. Additional information about the
computation of KDE plots can be found in section S7 of the
Supporting Information.

The differences in the distributions between Pt;; and Pt
reveal that the performances of DFTB and GFNO-XTB are
generally improving while increasing the particle size: the
distributions are getting narrower and shifted toward zero.
GFN2-xTB seems to undergo the opposite trend; indeed, the
distributions of the deviation for bonds and angles are
widening when moving from Pt;; to Ptss, while the behavior
of the deviation on R, is less clear. The performances of
ReaxFF are generally poor and show only a slight improvement
for Pty with respect to Pt;;. DFTB proves to be the best
method, although it causes a small and systematic compression
of bond lengths, which is also reflected in the deviation on R,.
GFNO-xTB is showing the biggest improvements, becoming
competitive with DFTB and outperforming it for R,.

The plots reported in Figure S4B, S4D, and S4F are
conceived to inspect the correlation between relative energies
computed at PBE-dDsC level with relative energies computed
with the tested low-cost methods for the structures belonging
to the Pt;; amorphous dataset. In this case, data show that the
energy range in which the amorphous isomers of Pt,; lie is far
smaller than the accuracy of a GGA functional such as PBE. As
illustrated in Figure S9, the data regarding amorphous Ptss NPs
exhibit also a very narrow energy fluctuation. Hence, it is
beyond the accuracy level to discuss any correlation between
electronic relative energies for these sets of amorphous NPs.

3.3. Towards Big-Sized Nanoparticles. Amorphous
geometries for nanoparticles of stoichiometry Pt,,;, Pt;y, and
Ptss; were obtained through the procedure described in section
2.2. As a preliminary remark, the relative energies (calculated
at PBE-dDsC level) between amorphous and cuboctahedron
clusters show that for clusters smaller than 309 atoms,
amorphous clusters are more stable than the cuboctahedral
isomers (Figure S10). For a cluster size of 561 atoms, the
cuboctahedron becomes more stable. Interestingly, this trend is
found in qualitative agreement with the experimental
observation showing the predominance of amorphous clusters
for sizes smaller than ~250 atoms.”® Nevertheless, to
overcome the limitation of considering only cuboctahedral
isomers, such a result should prompt a more systematic
theoretical investigation comparing the energies of amorphous
clusters found in the present studies with ordered clusters
exhibiting much more diverse morphologies (other than
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Figure 7. Distribution of the signed deviation on bond lengths (A, B), bond angles (C, D), and radii of gyrations (E, F) for DFTB (red), GFN2-
xTB (green), GFNO-xTB (gray), and ReaxFF (pink) with respect to PBE-dDsC values for the Pt,; and Pt amorphous datasets.

cuboctahedral ones). Concerning only the amorphous nano-
particles, we inspected the agreement of the tested low-cost
methods with the DFT standard (as well as the performances
of xTB MD) by plotting, for each nanoparticle, the deviation
between its pure PBE-dDsC energy and its PBE-dDsC energy
evaluated as single point on SE or FF geometry. The energy
deviation (AE) reported in Figure 8A is computed as follows:

AE = Eppg 4pC //Low-cost — EpBE-dnsc ()
Given the strong dependency of the electronic energy on the
atomic coordinates, the quantity “AE” defined in eq 2 is
exploited here, together with the mean Pt—Pt distance, to
weigh the discrepancy between the benchmark PBE-dDsC
structures and the low-cost ones (Figure 8).

The systematic decrease in the deviation (AE) of ReaxFF
coupled with the increase in the system’s size can be at least
partially linked to its parametrization, which has been carried
out initially on Pt clusters.”* However, the energy deviation
remains quite large to be exploitable (around 0.16 eV/atom for
Ptss;). Moreover, ReaxFF completely reverses the canonic
relationship between the intermetallic distances and the NP’s
size. GENO-XTB follows the opposite trend and shows a
significantly higher deviation for Pt,,;, Pt;y, and Pty than for
Pt;; and Ptg. Although this energy deviation is rather
comparable with the one observed for ReaxFF, the mean
Pt—Pt distance on GFNO-xTB structures shows good agree-
ment with PBE-dDsC compared with structures optimized
with the other low-cost methods. In order to attempt to
decrease the AE for GFNO-XTB and in light of the rather low
computational cost of GFNO-xTB MD, the GFNO-xTB
geometries of Pty,;, Ptjp, and Pty were further annealed
during 50 ps, as explained in section 2.2. This additional
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annealing step succeeded in modestly reducing the AE of
GENO-xTB structures for Pt;,; and Pt;y, by about 0.03 eV and
did not reduce the energy deviation for Ptg,. In this latter case,
longer MD simulation times are probably required. Even
though geometries obtained from GFNO-xTB molecular
dynamics do not provide significant improvements in AE
(eq 2, all computed at the PBE-dDsC level) with respect to
geometries obtained thanks to ReaxFF for the largest particles,
GFNO-xTB molecular dynamics is still able to provide reliable
results for Pt—Pt bond lengths. Unfortunately, the averaged
Pt—Pt bond length of annealed GFNO-xTB structures is not
straightforwardly comparable with the others since they are
generated through a completely different approach. Finally,
DFTB proves itself as the best-performing low-cost method,
even though it causes a systematic compression of Pt NPs
(Figure 8B). Its low energy deviation (less than 0.05 eV/atom)
reported for all of the investigated particle sizes states that the
good performances exhibited by DFTB for Pt;; and Ptgg are
maintained when increasing the number of atoms up to a few
hundred. Since the employed parametrization for DFTB has
been carried out solely on Pt;; and Pty clusters™ this
indicates a good transferability of the set of parameters.

4. CONCLUSIONS

In this work, we assessed the performances of low-cost
computational methods for the prediction of structural features
and energetics of Pt nanoparticles of stoichiometry Pt;;, Ptss,
Pty Ptygo, and Ptss;. The chosen low-cost methods were the
semiempirical DFTB, GFNOxTB, GFN1-xTB, GFN2-xTB,
and ReaxFF, while the reference DFT functional was the
dispersion-corrected PBE-dDsC. We carried out the bench-
mark study on four structural datasets, composed of (1) 14
amorphous and ordered Pt;3 NPs, (2) 54 amorphous Pt,; NPs,
(3) 93 amorphous Pt;; NPs, and (4) S amorphous NPs of
stoichiometry Pt, (x = 13, S5, 147, 309, 561). In the light of
the discussed data, the following conclusions can be drawn.
DFTB is by far the method showing the best performances.
Its parametrization, carried out on Pt;3; and Ptss NPs, grants
good reproduction of properties for NPs of the same size. The
good agreement with the DFT standard shown for NPs of
bigger sizes also proves the good transferability of the
parametrization. The performances of the remaining methods
are found to be morphology- and size-dependent. GFN2-xTB
produces reasonable results for amorphous Pt;; clusters,
though not for ordered ones. Moreover, its performances
worsen when increasing the cluster’s size from 13 to 5SS, before
failing the electronic SCC when further increasing the size of
the system. While the agreement between GFNO-xTB and the
DFT standard is quite poor for Pt;, the method provides a
satisfactory prediction of structural features for amorphous Pt
geometries, making it competitive with DFTB. GFNO-xTB is
slightly worsening for Pty Ptyp, and Ptss; with respect to
smaller clusters, though it outperforms the other methods on
the averaged Pt—Pt bond length. ReaxFF behaves in the
opposite way. Starting from considerably poor performances
for Pty and Pt (both for geometries and for energies), its
results get better for bigger NPs, becoming competitive with
GFNO-xTB for Pts;, even though the average Pt—Pt bond
length is still not well represented. One last notable conclusion
can be drawn about vibrational frequencies: independently
from the parametrization and level of theory, all of the tested
methods show a deviation in the description of vibrational
features of Pt ;. Since the largest part of the error lies on the
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vibrational entropy, this indicates a shared intrinsic difficulty in
the description of potential wells related to collective
vibrations. However, the error on G is around 10 kJ/mol
for DFTB, and even smaller for GENO-xTB. Although this is
far from being perfect, it still represents a good compromise
due to the gain in CPU.

Considering what is here summarized, DFTB turns out to be
the most cost-effective method for predicting geometries and
energetics of Pt NPs of all of the investigated sizes and
morphologies. However, since our task is to propose a low-
level computational method for fast screening through
candidate structures within the “multilevel modelling” of
phenomena involving Pt NPs, a few final remarks have to be
made. Although DFTB is the best performing method
presented in this paper, the cheaper GFNO-xTB and ReaxFF
should not be entirely discarded. The systematic error on
structural parameters shown by ReaxFF suggests that a
reoptimization of the parametrization could sensibly improve
its performances. At the same time, the atom-specific
parametrization on which GFNO-xTB relies indeed allows
one to effortlessly include other atoms into the simulation
(while DFTB would require a reparametrization), thus opening
the path to the simulations of structures involving adsorbates
or nanoalloys.
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