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Résumé de la these

Dans le domaine de la catalyse hétérogene, les catalyseurs a base de métaux de transition
(TMC), formés de nanoparticules monométalliques ou bimétalliques (nano-catalyseurs),
suscitent un intérét croissant grace a leurs performances exceptionnelles dans de nombreuses
réactions [1-2]. La conception rationnelle de ces catalyseurs repose sur une compréhension
précise de leurs structures au niveau atomique et de leur mode ddintervention dans les processus
catalytiques élémentaires. Dans ce contexte, la théorie de la fonctionnelle de la densité (DFT)
est apparue comme une méthode de choix qui permet de déterminer avec précision les
propriétés physicochimiques des matériaux, leur état de surface et de prédire la réactivité des
sites actifs dans les mécanismes réactionnels [3-5]. Cependant, une des faiblesses de la DFT (et
de méme que les autres méthodes ab-initio) est qubelle repose sur une analyse de la surface de
I'énergie potentielle a 0 K, négligeant donc les effets entropiques des systémes ainsi que la
dynamique structurelle ou de forme. Ainsi, les travaux DFT, développés sur les nanocatalyseurs,
se limitent souvent a des modeles cristallins de la surface ou a des clusters dont la structure est

figée a 0 K.

Le développement expérimental des méthodes de caractérisations in situ et/ou operando des
catalyseurs a apporté des preuves de changements subits par des catalyseurs dans les conditions
de la réaction. En effet, certains TMC subissent des variations significatives de la structure, de
la forme, et/ou de la composition de la surface sous conditions de gaz réactif [6-12]. Il se trouve
que ces changements complexes ne sont pas décrits par une approche DFT classique. Ainsi, le
développement de m@thodes qui prennent en compte léeffet de léenvironnement du catalyseur
avec la pr@cision " 16@chelle quantique apport®e par la DFT est fondamental. Cela, permet de

comprendre et controler les modifications intervenant dans les catalyseurs en réponse a la
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tempOrature et~ la pression des reactifs gazeux et déidentifier la ¢ vrai E structure de surface

dont dépend la réactivité du TMC.

Dans cette thése, nous nous concentrons sur deux problématiques importantes des

nanoparticules de TMC évoluant sous atmosphére gazeuse :

(i) L'@tude de la stabilit® et de I6@volution de la structure des nanoparticules (NP)
monomeétalliques. De nombreuses observations expérimentales in situ et/ou operando
rapportent des changements structuraux drastiques de catalyseurs de type NP
monométalliques exposés a des environnements gazeux réactifs [6-10]. Il est crucial de
comprendre et de contr! ler ces changements puisqudil est maintenant bien ®tabli que les
propriétés catalytiques (activité et sélectivité) supérieures des NP monométalliques sont

dépendantes de leur structure de la surface, leur taille et leur forme.

(if) LoBtude des syst mes bim@talliques, o%2une @volution de I'ordre chimique de la
surface a été observée en présence de gaz. Elle est généralement induite par un
phénomeéne de ségrégation inversée, c'est-a-dire I'enrichissement de la surface en I'un
des composants. Ainsi, de nombreux résultats expérimentaux montrent que la
composition chimique de la surface de certains catalyseurs bimétalliques en présence de

gaz est tres différente de celle observée sous vide ou obtenue avant réaction [11-14].

Pour répondre a ces deux problématiques, jai utilisé, au cours de cette thése, différentes
méthodes théoriques qui ont été choisies en fonction du systéme considéré. Pour étudier les
changements de structure et de morphologie dans les NP monométalliques (Pt et Au) exposees

a un gaz réactif (hydrogéne), deux approches ont été développées :

Q) Un modéle thermodynamique basé sur la DFT et nommé modéle multi-échelle

de reconstruction (MSR) [15]. Il combine les parameétres énergétiques issus de
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la DFT avec une approche thermodynamique qui applique le théoréme
d'adsorption de Fowler-Guggenheim pour calculer l6@volution de l6®nergie
d'interface en fonction du recouvrement du gaz adsorbé. Ensuite, les
constructions géométriques des NP sont effectuées en utilisant la méthode de
construction de Wulff. Ce modéle MSR permet de prédire les changements des
formes d'équilibre des NP monométalliques de grande taille (> 5 nm) dans
différentes conditions de gaz réactif avec un codt raisonnable en ressources de
calcul tout en gardant une précision suffisante.

(i) Une méthode exploratoire qui repose sur les simulations en dynamique
moléculaire ab initio (AIMD), plus appropri®e ~ 166tude de syst mes de plus
petite taille que précédemment. Cette méthode peut fournir des descriptions de
processus catalytigues complexes comme les transitions structurales,
I'adsorption/désorption, et en particulier les phénomeénes de formation et de
rupture de liaisons chimiques, etc. a température finie. Plus précisément, grace
aux forces calculées C a la volée E a partir des structures électroniques, cette
m®thode permet déacc®der ~ la description de ces ph@hom nes alors que les
méthodes de dynamiques moléculaires classiques, utilisant des champs de forces
empiriques, ne le peuvent pas. Ainsi la m@thode AIMD a permis di®tudier les
changements structuraux et loeffet de I'adsorption de gaz sur des NP
monométalliques (Pt et Au) de C petite taille E (contenant moins de quelques

centaines d'atomes) évoluant sous hydrogene.

Pour @tudier les syst mes dballiages (plusieurs syst mes d'alliages ** base de Pt dans des limites
diluées), j'ai développé un modele thermodynamique base sur la DFT [16] nommé modeéle de
I6@nergie de sBgrlgation environnementale (Ounion). Ce modele fournit une corrélation directe

entre I'@volution de I'®nergie de s@gr@gation de loalliage bim@tallique et de léenvironnement
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gazeux (T, P) dans lequel le systeme évolue. Comme pour le cas du modele environnemental
préc dent o%on calcule 16®volution de 16@nergie ddinterface en fonction du recouvrement, le
modele Ooign permet de calculer l6@volution de l6®nergie de s@gr@gation en fonction du
recouvrement de gaz. Ainsi, les parametres calculés par DFT sont couplés avec la
thermodynamique. Ce mod' le s'est av@r® avantageux pour d@crire le comportement déun grand
nombre de surfaces dalliages et pour prédire le comportement de ségrégation dans des

conditions réactives similaires "~ celles de loexp@rience.

Mon manuscrit de thése est constitué de cing chapitres qui peuvent étre brievement

résumés comme suit :

- Aprés une introduction générale, le chapitre 1, fournit un état de I'art sur les méthodologies
théoriques qui existent dans la littérature et qui sont utilisées pour étudier les deux
problématiques importantes mentionnés ci-dessus. Elles concernent I'évolution des
nanoparticules de TMC dans des conditions de gaz réactif. Cela me permet de poser la premiére

pierre et de donner le contexte des calculs théoriques que j'ai développé tout au long de la these.

-Le chapitre 2 présente une breve description des différents principes théoriques sur lesquels
reposent les approches employées dans cette thése. Ensuite, dans les chapitres 3, 4 et 5 les

différentes TMC étudiées sont présentées, et les résultats obtenus sont detaillés et discuteés.

- Ainsi, le chapitre 3 est dédié a I'étude des changements de morphologie subis par les
nanoparticules de Pt en interaction avec des atomes dohydrog ne. Deux tailles diff@rentes de
NP sont considérées sous température et pression d'’hydrogene. Pour étudier les NP de Pt de
taille sup@rieure 5 nm, le mod le MSR a ®t® utilis® alors que pour les NP déune taille d'environ
~ 1,8 nm les simulations AIMD ont été choisies. Comme cela sera détaillé dans ce chapitre, les

résultats thermodynamiques montrent des changements évidents de la morphologie d'équilibre
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pour les NP de Pt de grande taille en fonction de la temp@rature et la pression. A ldinverse, la
simulation AIMD a 500 K de petites NP de Pt recouvertes d'adsorbats d'hydrogéne ne révele
aucun changement structural. Ces résultats sont discutés en analysant I'adsorption d'hydrogene

sur Pt et la structure électronique du systéme.

- Au chapitre 4, comme pour le cas des petites NP de Pt, la simulation AIMD est développée
pour étudier des petites NP d'or monométalliques, également recouvertes d’hydrogéne. Fait
intéressant, malgré la plus faible énergie d'adsorption de I'hydrogene sur Au que sur Pt, les
simulations AIMD prédisent un changement morphologique drastique pour les NP de Au,
contrairement au NP de Pt. Grace a une collaboration avec des collegues expérimentateurs,
fournissant des observations de microscopie environnementale, cette étude nous a permis de
réveler une transformation structurale d@pendante de la taille des NP dbor expos®es ™

I'nydrogéne atmosphérique.

- Le chapitre 5 présente les travaux sur les systemes d'alliages a base de Pt. Les deux états dilués
de ces systemes alliés ont été étudiés : les alliages dilués-Pt/M, ou le Pt est considéré comme
un atome isolé dilué dans 8 surfaces sélectionnées de métaux de transition (M) (M = Cu, Ag,
Au, Ni, Pd, Co, Rh, Ir); et les alliages dilués-M/Pt, ou le Pt est considéré comme surface hote
ou des atomes isolés M sont dilués. Pour ces systéemes catalytiques, I'évolution du
comportement de la ségrégation de M dans Pt et de Pt dans M, ainsi que la stabilit® de léatome
isolé sous différentes températures et pressions d'hydrogéne sont étudiées. Les résultats
montrent des comportements non intuitifs 0%20@1®@ment qui sBgr@ge n'est pas systBmatiquement
celui qui présente la plus forte affinit® avec loadsorbat gazeux. Une analyse approfondie des
énergies de liaison et des effets électroniques régissant la stabilité de ces systéemes d'alliage a

un seul atome est présentée.



Résumé de La These

Enfin, une conclusion générale rappelle tous les résultats clés discutés tout au long de ce travail,

suivie par plusieurs annexes fournissant plus de détails concernant les différents calculs obtenus.
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General Introduction

General introduction

In the field of heterogeneous catalysis, transition-metal catalysts (TMC) synthesized in the form
of monometallic or alloyed nanoparticles have attracted great interest as they have been shown
to be powerful for many important applications [1-2]. From general point of view, the key to
the rational design of TMC relies on an atomic-level understanding of catalytic materials and
the elementary catalytic processes under realistic conditions. Thereto, density functional theory
(DFT) has emerged as an accurate method and has been largely applied to provide experimental
guidance and fundamental insights in catalytic reaction mechanisms [3-5]. Since its formulation,
DFT method involves calculations of a potential energy surface at 0 K, which provides the
fitotal energy0 and the ground state electronic structure of the system. This is referred as zero-
temperature method where investigations in heterogeneous catalysis are generally performed
on fistatico crystal or surface models with minimum number of molecular adsorbates at 0 K.
However, recent experimental development has provided more and more evidence about the
dynamic nature of catalysts under in situ and/or operando conditions, among which the TMC
are found undergoing constant changes in structures, shapes, surface compositions under
reactive gas conditions [6-12]. Obviously, such complex changes cannot be captured by
classical DFT approaches, thus moving from 0 K to operando models is of great importance
for understanding how the structure of catalysts change in response to temperature and reactive

gas pressure under working conditions, on which the reactivity of TMC will eventually depend.

In this thesis, we focus on two important issues of TMC nanoparticles evolving under reactive

gas condition:

() The first one concerns the study of the stability and the structure evolutions of

monometallic nanoparticles (MNP). It is now well established that the catalytic
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activity and unique selectivity of MNP are generally surface structure-, size- and
shape-dependent. The forecast is the increasing number of recent in situ and
operando experimental observations reporting drastic shape changes of MNP
catalysts in several reactive gas environments [6-10].

(i) The second issue concerns the evolution of the chemical ordering in alloy systems
induced by reversed segregation phenomenon, i.e., the enrichment of one of the
components on the surface or bulk of alloys and nanoalloys in presence of reactive
gas. Many experimental findings indicate that the presence of adsorbates induce
segregation behaviors that are different from the predicted ones under vacuum [13-
14]. Moreover, the segregation trends of some alloys can be tuned either in favor of
its initial surface/bulk segregation tendency or suppress and even inverted in

response to certain specific temperature and gas pressure conditions [11-12].

To address these two issues, | used different theoretical methods, which were chosen depending
on the targeted system. To study the structure and morphology changes in MNPs (Pt and Au
NPs) exposed to reactive gas (hydrogen), two approaches were developed. The first one is a
DFT-based thermodynamic model named multiscale structure reconstruction model (MSR)
[15], which combines the energetic parameters issued from DFT with thermodynamics through
Fowler-Guggenheim adsorption theorem to calculate the interfacial energy of surfaces
interacting with adsorbed gas. Then geometric constructions of the Pt-NPs are obtained using
Wulff construction method. This MSR model allows predicting the changes of equilibrium
shapes of large sized MNPs (> 5 nm) under different reactive gas conditions with reasonable
cost in computational resources while keeping sufficient accuracy. The second approach is the
ab initio molecular dynamic (AIMD) method, which is more appropriate for smaller sized
systems. This method can provide descriptions of complex catalytic processes likeithe structural

transition, adsorption/desorption, and particularly the chemical bond forming/breaking, etc.
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under finite-temperature in an accurate way thanks to the forces computed 6éon the flydé from
electronic structure calculations. This cannot be achieved with other classical MDs using
empirical force field. The AIMD was thus selected to investigate structural changes and
adsorption effects on MNPs with fismall sized (containing less than a few hundreds of atoms)

under reactive gas media.

To study the alloyed systems (several Pt-based alloy systems in diluted limits), I employed a
DFT-based thermodynamic model [16] named as environmental segregation energy (O )
model which provides a direct correlation between the segregation energy evolution of
bimetallic alloys and their environmental gas (T, P)-condition, wherein the DFT-calculated
parameters are coupled with thermodynamics. This model is found to be advantageous to screen
and investigate a large number of alloy surfaces and to identify the segregation behaviors in

reactive conditions similar to the experimental ones.

The manuscript is built on five chapters that can be briefly summarized as follows: Chapter 1
provides a state of the art on the theoretical methodologies that exist in the literature and are
used to investigate the above-mentioned two important issues of TMC nanoparticles evolving
under reactive gas conditions. This allows me to lay the foundation stone and to give the context
of the theoretical approaches that | performed throughout the thesis. Chapter 2 presents brief
descriptions of all the theoretical principles employed in this thesis. Then, in Chapters 3, 4 and
5 the different studied TMCs are presented, and the obtained results are detailed and discussed.
Chapter 3 is dedicated to the study of the morphology changes of Pt nanoparticle (Pt-NP) under
hydrogen media. Two different sizes of Pt-NP are considered for which the MSR model was
employed to study the Pt-NP of size bigger than 5 nm and AIMD simulations for NP with size
of about ~1.8 nm. As it will be detailed, while the MSR model predicts changes in the

equilibrium morphology for bigger sized Pt-NPs under varied temperature and hydrogen
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pressure, the AIMD simulation reveals no structural changes during simulations at 500 K of
small Pt-NP covered by hydrogen adsorbates. These results are discussed by analyzing the
adsorption of hydrogen on Pt and the electronic structure of the system. In Chapter 4, like for
the case of small Pt-NP, the AIMD simulation is performed to study small monometallic gold
NPs, also covered by hydrogen. Interestingly, despite the weaker adsorption energy of hydrogen
on Au compared to Pt, AIMD simulations predict strong morphological changes for Au-NP, in
contrast with Pt-NP. Thanks to a through collaboration with colleagues performing
experimentations, particularly environmental microscopy observations, this study allowed us
to reveal size-dependent structural transformation of Au-NPs exposed to hydrogen atmosphere.
Chapter 5 presents the investigations related to the Pt-based alloy systems. Two diluted states
of these alloyed systems were investigated: the named fidilute-Pt/M alloyso, where the Pt is
considered as a single-atom diluted in 8 selected transition metal (M) surfaces (M = Cu, Ag,
Au, Ni, Pd, Co, Rh, Ir); and the named fidilute-M/Pt alloyso, where the Pt is considered as host
surface of M single-atoms. For these catalytic systems, the evolution of segregation behavior
and the stability of single atom alloy under various temperatures (T) and hydrogen gas pressures
(P) are studied. The results show no intuitive behaviors. Indeed the segregating component does
not systematically present the stronger affinity with the gas adsorbates. A profound analysis of
the mechanistic and the electronic effects governing the stability of these single atom alloy

systems are presented.

Finally, a general conclusion reminds all the key results discussed all along this work, followed

by several annexes providing more details concerning the different obtained calculations.
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Theoretical studies of transition-metal catalysts

under reactive gas conditions: state of the art

=) 3&4$567"4858&)

During the last decades, several theoretical methodologies and approaches have been applied
to understand the interaction of solid catalysts with reactive gas molecules and the impact of
these latterds on the catalytic properties of the targeted materials [1-9]. Among these methods,
density functional theory (DFT) stands as the most matured and widely applied theoretical
approach in heterogeneous catalysis [10]. DFT method provides fiaccurate enougho information
on the electronic structures and the fitotal energyo of systems, which referring to the search or
to the identification of potential energy surface (PES) of a given system at 0 K. However, the
recent development in experimental instrumentations as the in situ microscopy observations
provide numerous evidence [11-13] of the dynamic nature of the catalysts under the reaction
condition. Indeed, generated by the impact of temperature and pressure, the mobility of the
atoms and molecules induces structural reconstructions and stability changes of the
nanocatalytic materials. These transformations occurring under working conditions affect the
activity and the selectivity as well as the lifetime of the catalysts. Thus, nowadays the theoretical
investigations face an urgent need of development to extend the classical 0 K models to more

realistic operando models aiming to bridge the so-called pressure gap [14].
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This chapter aims to present a short overview of the theoretical methodologies used to
investigate TMC nanoparticles evolving under realistic reactive gas conditions. The first focus
concerns in the studies devoted to the modeling of monometallic nanoparticles, then the
problem of alloy systems will be addressed. Thus, after a quick review of the commonly used
standard-DFT method for investigating extended TM surfaces under vacuum or in presence of
adsorbed isolated molecules at 0 K, a state-of-the-art development of the most commonly
developed DFT approaches on operando theoretical modeling, including (i) ab initio molecular
dynamics, (ii) DFT-based cluster expansion method, and (iii) DFT-aided thermodynamic
modeling are presented. The purpose of this chapter is not to provide lecture on the fundamental
principle of these methods, but to present their applications within some relevant examples and
to discuss their limitations. It is the way that | choose to introduce how, my work within this
thesis, may bring new acknowledges for investigating these two important issues by employing
strategies that should be more fiadequateo for describing more firealistico systems. It will be
addressed that based on the complexity of the catalytic process: size, structure, surface
composition, gas environment, temperature and pressures, etc., certain approaches are more
advantageous than others and combinations of several different approaches may be needed for

adapting a specific system.
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Monometallic nanoparticle (MNPs) catalysts generated increasing interest due to their high
specific surface active sites and particular properties, which lead to optimal performances in

many catalytic reactions [15-17]. It is commonly accepted that the specific functionality of
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MNPs is intimately related to their stability on the support, their specific size [1A6D!] and
structure [DD6DO]. Moreover, as emphasized earlier, some recent in situ experimental
observations have shown that MNPs may undergo structure and shape evolutions under reactive
gas conditions. As for example, using the in situ environmental transmission electron
microscopy (ETEM), the recent work of Yoshida et al. [DM], reported that the initially stable
high-faceted Pt nanoparticles (~3.6 nm) under vacuum became round when exposed to 1 mbar
of CO/air at room temperature. In contrast, when the temperature is elevated to 373.15 K, the
NPs reshape as partially faceted. This significant CO-induced, temperature-dependent surface
restructuration of Pt-NPs leads to changes in the properties of the catalyst. Similarly, time-
resolved environmental TEM observations reported by Vendelbo et al. [DN] show dynamic
refaceting of Pt-NPs during the oscillatory CO oxidation reaction at 727 K. In this work, the
authors found that the Pt-NPs switch between a more spherical shape and a more facetted
morphology during increasing/reducing of CO conversions. These in situ observed adsorbate-
induced nanoparticle reshaping behaviors show how it is crucial the knowledge of the realistic

catalyst surface during working conditions because its catalytic properties are dependent.

%) 1 IKIM=(%6)N 7:4#)"58&(4$7 "485&()

During the last decade, many theoretical approaches have been applied/developed to predict the
shape evolution of nanocatalysts under temperature and pressure. Among all, the DFT-based
calculations combined with Wulff construction model [26] have been routinely employed [2, 4,
27-29]. This approach consists of predicting the shape of metallic or oxide NPs under vacuum
by calculating the minimum surface energy of several low and high index surface planes that
may possibly constitute the larger sized NPs (more details of Wulff construction are provided
in Chapter 2). In order to account for the presence of adsorbed gas, it is common to compare

the binding energies of reactive gas on the different surface planes and to extrapolate this to the
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surface energies. For instance, to study the equilibrium shape of gold NPs in presence of CO
gas, Barmparis et al. [2] used standard DFT to calculate the adsorption energies of single-
adsorbed CO on Au(0) surface models (with 1Qid o), then those values are used to relate
with the surface tension values calculated for Au(‘QQ0) surface under vacuum leading to a CO
revised-surface tension, i.e., interface tension (see Chapter 2 for the definition). By this way
the equilibrium shapes of CO-covered Au-NPs were constructed with the aid of the Wulff
model. Using this method, the authors reported that, under vacuum, Au-NPs of size smaller
than 16.3 nm are in truncated octahedral shape consisting of mainly (1 1 1) and (1 0 0) surfaces,
while bigger NPs, show major (3 3 2) faceting. In contrast, when exposed to CO, the equilibrium

shape of Au-NPs are found spherical compared to the ones under vacuum.

It is obvious that this described Wulff construction modeling based on DFT calculations of
single atom gas and at 0 K allows to predict the structure of large-scale NPs that are outreach
of direct DFT screening. However, this method suffers from what we named above as fistatic
pictureo since it only provides predictions of NP shapes based on the calculations of surface
tensions and interface tensions at 0 K with very low coverage of adsorbed gas and without any

account for the entropy terms, which is far from the experimental conditions.

<)) 1 IKL=36%6)I0U$<56C8&=<8")<56%:8&] )

Improvement of the previously described approach can be made using the DFT-aided
thermodynamic modeling that accounts for the effects of temperature and gas pressure. The
general idea of this approach is to couple the DFT calculated energetic parameters of specific
systems (the metal-phase and the molecules from the gas-phase) with appropriate
thermodynamic terms, such as the Gibbs free energy [30], by which the thermodynamically
most stable configuration of systems is identified as the one that possesses the lowest interface

energy at given temperature T and gas pressure P. For example, to predict the equilibrium
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surface morphology of iron nanoparticles (Fe-NPs) under different temperature and hydrogen
partial pressure, Xu and co-workers [31] firstly carried out systematic DFT calculations of the
hydrogen adsorption energies on the most stable sites of seven iron surfaces, which are the (1
00,(110),(111),(210),(211),(310)and (321) (as depicted in Figure 1.1-A) with
hydrogen coverage from O to saturation. Then the Gibbs free energies of iron surfaces and the
chemical potentials of the hydrogen were calculated to predict the evolution of interface
energies of iron surfaces with different H-coverage under varied temperature and hydrogen
partial pressure. By that way, the equilibrium shapes of Fe-NPs with the most thermostable
hydrogen adsorption coverage were predicted and constructed using the Wulff construction
model. As represented in Figure 1.1-B, the stable H-coverage as a function of temperature and
hydrogen partial pressure on the Fe(1 1 1) surface was obtained showing that the stable
hydrogen coverage decreases from 23 H to 0 H with increasing T and/or decreasing P. And the
authors also found that the equilibrium shapes of Fe-NPs under one atmosphere of hydrogen
pressure (Figure 1.1-C) are dominated with (1 1 0) surface at 0 K, while at 425 K, the (31 0)
surface starts to expose apart from the (1 1 0) surface, then with temperature increasing to 675
K, the (3 1 0) surface increases more, nevertheless the (1 1 0) surface still dominates. These
predicted morphology of iron particles are found in agreement with the TEM analysis [32] on
the Hz reduced Fe-NPs under 673 K, wherein the surface proportions of (3 1 0) to (1 1 0)

increased after H2 reduction.
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This method offers a low-cost but enough accurate way to move from 0 K modeling to operando
(T, P)-conditions for the prediction of equilibrium shapes of metal nanoparticles in reactive gas
conditions. This method has proven also quite successful in the studies of the thermal stability
[33-38] and surface phase-transition [39-42] of various catalysts (nanoparticles, alloys and
surfaces) in reaction condition. However, the main inconvenience of this approach is that its
accuracy directly relies on the completeness of the number of adsorption configurations
considered. Very recently, Zhu et al. [37] proposed an extension of this approach by including
the thermodynamic term called Fowler-Guggenheim (F-G) in which the lateral interaction
between adsorbates are implicitly accounted for by identifying the number of first-neighboring
adsorption sites of each considered surface orientation. Thus, this method, compared to the

previous ones, provides a simplified way to estimate the lateral interaction without the necessity
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to explicitly create and scan numerous adsorption configuration models. This method has been
successfully applied for predicting the equilibrium shapes of MNPs (Cu, Ag, Au, Pt and Pd)
under reactive carbon monoxide gas (T, P)-conditions [37]. Although the results obtained using
both methods have shown their accuracy in predicting such MNPs under reactive gas condition,
the validity using such models is related to the use of Wulff construction which is limited to
NPs with fibig-sizeso (> 5 nm) since the nanoparticles are constructed using energetic
information calculated from extended surface slab models. Therefore, alternative approaches

with sufficient accuracy for the investigation of fismall-sizeo MNPs should be selected.

*) st <5H:%"7:=$)6C&=<§"()?P39 1B)

For small sized MNPs, or alloyed ones elsewhere, containing less than several dozens of atoms,
it is logically feasible to scan the stability of several configurations of NP with different gas
coverages using DFT energy optimizations. However, this strategy remains unsatisfactory as
the selected configurational space remains very constrained compared to the realistic one. A
better alternative is to use ab initio molecular dynamics (AIMD), especially when it comes to
a system with few hundred atoms. In addition, for nanoparticles exposed to reactive media,
complex dynamic processes may involve unexpected configurations and transition states that
the previous relatively simplistic DFT and DFT-aided thermodynamic modeling approaches
are unable to predict. Moreover, AIMD has been shown to be efficient for exploring the
conformational three-dimensional complexity of metal NPs in presence of gas adsorbates,
which provides dynamic trajectories that links different possible structural changes induced by
adsorbates. For instance, to study the structural changes of Au-NPs when exposed to a gas
mixture of CO + Oz under room temperature evidenced by the in situ aberration-corrected
environmental transmission electron microscopy images, He et al. [43] performed AIMD

simulations on Au cluster of 19 atoms supported on CeO2(1 1 1) surface and interacting with
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12 CO molecules. Their AIMD simulations performed at 300 K show that the Aul9-clusters
lost its flat-hexagonal configuration due to the formation of Au-CO bonds that extract the Au
atoms out of its original positions and transformed into a 3D cluster. Contrarily, in absence of
CO molecules, the Aul9-cluster keep its flat-hexagonal configuration under same simulation

conditions (300 K).

Although more detailed and precise catalytic properties are expected from AIMD, it is
computationally more costly compared to the DFT-based thermodynamic method. And the
direct AIMD simulations for long timescales in order to capture the full free energy landscape
of realistic catalytic processes are challenging, thus itds more often applied in fismall-sizedo

systems containing less than a few hundred number of atoms.

) O956%:88&;)=::5C)"=4=:C(4() 7 &6%$)S%="48D%)<<%68=)
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Alloy catalysts are emerging materials that show high performances thanks to the synergistic
effects created when combining two different metals. The addition of a second metal induces
the change of the surface composition of alloys due to the surface energy competition between
two metals, therein the metal with lower/higher surface energy tends to segregate to the
surface/bulk of the formed alloys. In addition, the mixing energy, related to the cohesive energy
of each component, also plays a role in the ordering tendency of the alloy system either formed
in hetero-atomic (i.e., ordered/disordered mixed structures) or in homo-atomic (i.e., core-shell
structures) bonds. Other factors as the atomic size of the components leading to elastic strains
and electronic structure changes determine the equilibrium structure of the alloyed materials

[44].
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Extensive theoretical works using either semi-empirical [45-47] or DFT methods [48-49] have
been dedicated to predict the segregation phenomena of nanoalloys under vacuum. However,
the problem is that many recent experimental findings are providing hard evidence of atomic
ordering changes induced by segregation of alloy atoms in response to certain reactive gas (T,
P)-conditions. For instance, Zhu et al. [50] reported that the DFT calculated results in bimetallic
AuPd nanoparticles showed evidence of Pd surface enrichment where both Pd monomers and
Pd dimers could exist in presence of adsorbed CO compared to vacuum condition. Moreover,
the energetic stability calculations on several alloy configurations indicated that Pd prefers to
occupy undercoordinated edge sites under CO gas. Such adsorption-induced different, and even
inverse segregation trend was also evidenced for Pt-Ni system. More precisely, using in situ X-
ray photoelectron spectroscopy (XPS), Ahmadi et al. [51] analyzed the atomic evolution in
PtosNios NPs surfaces. The results show surface-segregation of Ni occurring only at low
temperature (< 473-543 K) under 1 bar of hydrogen, while Pt was found to segregate to the NP
surface only at higher temperature. These authors also pointed out that the chemical state of the
NPs play a pivotal role in their surface composition as Ni surface segregation was only observed
in Hz, O2 and under vacuum as long as the PtOx species were present in systems. The above
examples stress the importance to predict the surface structure, composition as well as the
adsorption-induced segregation phenomenon in TM alloys under operando (T, P)-condition that

may significantly influence the catalytic properties.

%) 1JK)=>>$5="0)

The first accurate calculation using DFT that allowed to systematically scan the segregation
preference of TM alloys under vacuum was proposed by Ruban et al. [48-49] by defining the
segregation energy as the energy required for moving a diluted solute atom from the interior to

the surface of the host crystal. Therefore, it is the total energy difference of the system with the
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impurity in a surface layer and in the bulk. The calculated surface segregation energy results
are found in good quantitative agreement with most of the available experimental data.
Thereafter, based on the database of segregation energy of solute (O;qq) established by Ruban
et al. for the TM alloys under vacuum, Greeley et al. [6] extended this model to estimate the
adsorption-induced segregation trends of several alloy systems. Using DFT, these authors
compared O  to the difference in magnitudes of the adsorption binding energies on the solute
and on the host (s60 00 9). Forinstance, if the O s positive (under vacuum), then
it indicates that the solute is more stable in the bulk under vacuum, and if the binding energy of
the adsorbed gas on the solute 60 is stronger than the host surface 80  , the adsorbed gas
will induce the solute segregating to the surface. These extrapolations based on surface models
allow to efficiently screen a large number of different pairs of alloys with different
compositions and to predict plausible segregation tendencies. This DFT calculation approach
was also used to predict the chemical ordering and the electronic structures of several alloy
nanoparticles consisting of dozens of atoms [52-54]. However, one of the limitations of this
approach is that the segregation behavior is predicted from highly diluted limits of alloy
composition i.e., the behavior of one solute, and the adsorption of isolated adsorbates, which

neglect both the effect of alloy composition and the effect the adsorbate coverage.

To overcome these limitations and to capture a more realistic segregation behavior in alloys
exposed to the reactive gas, other theoretical methods based on DFT calculations were

developed.

2) D IKL=36%6)I0%$<56C&=<8")<56%:8& ;)

As pointed out several times previously, including a thermodynamic term to DFT calculations
is crucial for accurately modelling the effects of gas environment (T, P). On the question of

gas-inducing segregation phenomena for alloys, the DFT-aided thermodynamic stands as a
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valuable tool. Conventionally, the idea of this method is to identify the most stable structures
by minimizing the surface free energy of different systems, where the Gibbs free energy and
the chemical potentials of each alloy component as well as the gas species under specific (T,
P)-conditions are described. The relevant energetics can be calculated by DFT using surface
slab models with fixed surface compositions; therefore, only ordered structures can be predicted.
For example, Kitchin and co-workers [55] studied the structure, composition and segregation
of AgsPd(1 1 1) surface in contact with oxygen using the DFT-aided thermodynamic framework.
To account for possible surface segregations, twenty-five ¢ ¢ unit-cell slabs respecting the
fi3-Ag and 1-Pdo stoichiometry with compositions of topmost two layers varying from pure-Ag
to pure-Pd, and with oxygen coverage varying between 0 to 1 ML were considered. Then for
all configurations, the surface free energies of thermodynamically most stable configurations
are evaluated as a function of oxygen chemical potentials, which is (T, P)-dependent, yielding

at the respective minimal surface free energy, see Figure 1.2.
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With this predicted fisurface free energy-oxygen chemical potentialo correlation profile, the
authors revealed that, under temperature of 300 and 600 K and in the oxygen-rich environment,
the oxygen induces Pd surface segregation. The reversed segregation of Pd into the bulk was

found under vacuum condition. Several other works using above approach to study Ag-Cu
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alloys under oxygen atmosphere [56], or in mixture-(Oz2, C2H4) condition [57] are also reported

in the literature.

The above-mentioned works are all based on the description of surface free energy of system
linked to thermodynamics, where large number of surface structures and adsorption
configurations are needed to be considered. A more elegant DFT-aided thermodynamic method
has recently been developed by our collaborators in Shanghai from Gao and Zhuds group. These
colleagues have developed an environmental surface segregation energy prediction model [42],
which provides a direct correlation between the segregation energy evolution of bimetallic
alloys and their environmental gas (T, P)-condition. In this model, the segregation energies in
presence of gas are directly revised with the gas-adsorption preference, the gas coverage and
the lateral interaction by including the F-G adsorption isotherm. This simplified and fiuser-
friendlyo model compared to the previous ones, allows to screen the environmental segregation
energy under reactive gas (T, P)-conditions of large number of TM alloy systems. This model
has been successfully applied in the study of the surface composition evolution of 72 different
bimetallic transition metal alloys (Cu, Ag, Au, Ni, Pd, Co, Rh and Ir) under various carbon
monoxide gas pressure (from 1 to 10® Pa) and temperature (from 300 to 1200 K) [42]. This
model was then validated by comparing the predicted CO-induced segregation behaviors of
several bimetallic TM alloys (Pt/Ni, Pd/Au, CO/Pt and Au/Cu, etc.) with a series of available
experimental data which show great consistency. Benefitting from the fiCai Yuanpei Sino-
Chinese Hubert Curien Partnershipo scientific exchange programme, | spent several weeks in
Gao and Zhuds group and learned about the environmental segregation energy model. Then |
employed this high-throughput approach in the framework of this thesis to study the hydrogen-

induced surface segregation behaviors of Pt-based bimetallic alloys exposed in Chapter 5.
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Nevertheless, these DFT-aided thermodynamic approaches share the same limitation which is
that only ordered alloy structures can be considered. In addition, as small unit cells periodically
repeated in space cannot accommodate large deformations that might be induced by the

segregation of atoms, size mismatch and stresses in alloyed surfaces cannot be captured.

) L IKLM=(%6)" 7 (4%8)%F>=&(858)?E QB)<%{056)

The DFT-based cluster expansion (CE) method [58-60] has been widely applied for
investigating properties including chemical ordering and segregation phenomena of ordered as
well as disordered structures [61-68]. The general idea of CE method is to provide a numerically
efficient way for mapping the Hamiltonian of practically all numerous configurations of alloys
using a remarkably reduced number of DFT-based total energy calculations. The number of
configurations in CE can be reduced based on the idea that interactions are negligible beyond a
certain distance, especially in metal alloys. Once the CE are constructed, the effect of the finite
temperatures and/or gas pressures on the stability and chemical ordering of alloys are generally
studied in conjunction with Monte Carlo simulations. For instance, Oguz and co-workers [69]
investigated the equilibrium surface composition and the Pd segregation behavior of Au-Pd(1
0 0) system in presence of CO gas. The energetic parameters such as the adsorption evolution
of CO on bridge and on top sites as well as the CO-CO interactions were evaluated using a set
of DFT calculations to explicitly determine the Ising Hamiltonian. Then the latter was used to
perform the Monte Carlo simulations within semi-grand canonical ensemble to reproduce the
CO-induced segregation for Au-Pd(1 O 0) surface under different temperatures and CO

pressures. As shown in Figure 1-3, the evolutions of CO-coverage — and the surface Pd

concentration O are depicted as a function of the bulk Pd concentration O under
different CO pressures at 300 and 600 K. These segregation isotherm diagrams indicate the

appearance of two exotic stable surface phases depending on the adsorption configurations of
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ilibrium ordered phase. When CO are adsorbed on the bridge

sites, the ordered phase is formed with Pd-CO ensembles in linear chains separated by Au atoms

also in linear chains and free from CO adsorptions (Figure 1-3-A, at 0

8L and —

T8V, when P =p  p1t mbar); whereas when CO are on top sites, the ordered phase became

checkerboard-like configuration with half of the surface sites occupied by Pd atoms adsorbed

with a CO molecule and other half sites occupied by Au atoms free from CO (Figure 1-3-B, at

0 T8V and —

mu,andP=p pm  A&LOI). These two ordered phases (plateau) both

disappear when temperature increases to 600 K.
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To sum up, for the study of surface segregation phenomena of alloy nanoparticles in operando

reactive environment, the CE

method is particularly suitable for systems containing large
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number of surface configurations and components compared to the direct calculations using
DFT or other sufficiently accurate but expensive simulation methods, such as ab initio
molecular dynamics. However, the CE method is limited to the treatment of structures with a
pre-determined lattice topology [70]. Another drawback of this method [65] resides in the fact
that, as it is based on extended surface models, the lattice parameters of the surface are
determined by the underlying bulk material, whereas, the bulk material is not included in a
typical slab cluster expansion. Thus, it remains difficult to generate a cluster expansion for a
system in which the bulk material can have different ranges of compositions and lattice

parameters.
/) EB5&":7(858)=&6)>%$(>%" 48D%)

In this chapter, we presented a non-exhaustive overview of the theoretical methodologies used
to investigate TMC nanoparticles evolving under reactive gas conditions. Two focuses were
addressed: the study of the stability and the shape evolutions of monometallic NPs and the study
of the surface structure/segregation in bimetallic alloys. Reviewing the state of art shows that
several DFT-based methods are used to achieve operando theoretical modeling. Among them,
ab initio molecular dynamics, DFT-based cluster expansion method and DFT-aided
thermodynamic modeling were introduced, additionally examples of their application were also

highlighted.

Advantages and limitations exist in each described approach and the goal of our overview is to
realize and to measure the difficulties from theoretical cost and to compare with the needed
accuracy of our investigated system. It comes from the fact that the choice of the adequate
method is actually a compromise between the accuracy required to simulate the targeting issues,

the complexity for building models and the computational costs. For instance, the cluster
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expansion method, compared to the more accurate AIMD simulation, is a more appropriate
choice in terms of study in surface composition/segregation of multi-component alloys thanks
to its formalism. While for the monometallic NPs containing small numbers of atoms, the
AIMD simulation may become a better choice owing to its better accuracy and more detailed

information that can be provided.
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Chapter |1

Theoretical background

The purpose of this chapter is to introduce the principles of theoretical approaches employed
and developed in this thesis. Thus, in the first and second sections, the density functional theory
(DFT), which is the cornerstone of all multi-scale approaches developed in this thesis, is
presented by reviewing the historical background of fundamental theories of quantum
chemistry and developments from Hartree-Fock method to classical DFT. In the third section,
the molecular dynamics (MD) simulation methods in particular, the ab initio molecular
dynamics (AIMD) are presented. The final section is dedicated to the introduction of
thermodynamic approaches and to recall the principles of environmental construction methods

of NPs.
) 3&4$567 "4858)45)T7=847<)" 0%<<8(4$C)

Quantum chemistry strives to predict chemical and physical properties of the materials and
molecules. This is achieved through the precise description of their electronic structures in a

microscopic level by solving the time-independent Schrddinger equations (11.1).
0 iy 0wy (11.1)

where O is the eigenvalue representing the quantized energy of the system; i’y is the
wave function of state of the system, which depends on every factor that influences the system;

H is the Hamiltonian corresponding to the energy of the system.
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The Hamiltonian of a system with nuclei and electrons can be expressed as the sum of kinetic

and potential energies, including explicitly all electronic and nuclear contributions:

p 0 ®
i

(11.2)

where @ and @ are masses of nuclei, T , 1 and'Y are distance between electron-nuclei,

electron-electron and nuclei-nuclei at 1 state, respectively.

The Schrédinger equation of atoms or ions with more than one electron (called many-body
systems) cannot be solved analytically, because of the computational difficulty imposed by the
Coulomb interaction between the electrons. Thus, some approximation approaches, such as the
Hartree-Fock method, are proposed in order to solve the Schrodinger equation for many-body

systems.
=) U=$A$HLI5" G)<I4056)

The Hartree-Fock (HF) method [1] is a variational method of approximation for the
determination of wave function and the energy of a many-body system. It assumes that wave
function of the system can be approximated in the form of a single Slater determinant for
Fermions and of a single product of wave function (spin-orbitals) for Bosons. To this end, the
Born-Oppenheimer (BO) approximation is assumed in HF method and the HF equations are

solved using iteration method, namely AiSelf-Consistent Fieldo approximation.

1.1.1 Born-Oppenheimer approximation
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The Born-Oppenheimer (BO) approximation assumes that the nuclei and electrons have
extremely different masses, so that their movements are decoupled. Based on this postulate, one
can split the Schrodinger equation into two terms: one electronic term versus the fixed nuclei
and one nuclear term for which the electronic energy acts as an effective potential energy. Thus,
the nuclei which moves on a potential energy surface (PES) is the solution of the electronic

component of the Schrodinger equation.

The electronic Schrodinger equation (I11.3-11.4) is solved approximately with Kinetic energy

neglected (is a constant parameter):

0 iy 0 Y Wy (11.3)
P
1 (11.4)

with depends on all electronic coordinates r and all nuclear coordinates R; O (R) is a
function of (PES) by repeatedly solving the electronic Schrédinger equation in varying the

positions R.

The nuclear Schrodinger equation (11.5-11.6) is solved as:

0 Y 0Y Y (11.5)
0 B 5 0 Y BB (11.6)

Solving the above nuclear term gives access to the molecular rotation and nuclear vibration

information.

The BO approximation is expected to be accurate and economic in term of computational

resources for most molecules. However, it loses the adequacy if two electronic states (nuclei
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and electrons) are no longer separable. As showed in Equation (11.4), it is still a many-body
problem, which is hard to solve exactly since the interactions between electrons remain
uncertain, but it is often used as a prerequisite for more refined methods, e.g., Hartree-Fock

method.
1.1.2 Self-consistent filed approximation

The self-consistent filed approximation was proposed by Hartree [2] in 1927 then developed by
Fock [2] in 1930. In this theory, each electron is considered as under an average effect of
surrounding electrons (mean field), so that the many-body problem is reduced into effective
one-body problem. Thus, instead of solving one Schrédinger equation with N interacting

electrons, we solve N Schrddinger equations with one electron (Hartree-Fock equations):

The Hamiltonian of the electron depends on the wave function of other electrons,

g o 1 (11.7)

—‘| (o

and the effective potential depends on the density of other electrons:

(11.8)

The idea of this method is to describe the wave functions as a product of one-electron orbitals.
And as electrons are Fermions, the wave function has to be anti-symmetric, which is

approximated by a single Slater determinant (11.9) showed as below:
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noy | n oy i n oy | E
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» 1» 18 — = 11.9
] paIE N n oy n oy | E (11.9)
E E E E

where N is the number of electrons in the system; the columns correspond to all spin-orbitals
and each electron is represented in rows. A self-consistent procedure is needed for solving
above Hartree-Fock equations: it starts with an initial guess for the orbitals to get a trial charge
density, which allows to calculate the effective potential energies with those orbitals; solve the
set of one-body Schrddinger equations to obtain new corresponding wave functions for
electrons; re-calculate the effective potential to solve again the Schrédinger equations; repeat

this procedure until reaching the convergence.

The fielectron-electrono exchange interaction (11.10) (two electrons with parallel spins) in this
method is taken into account by using the anti-symmetrized wave function (Slater determinant
(11.9)), in which the Pauli principle is satisfied. However, the Coulomb correlation (11.11)
cannot be properly described. Because in the HF mean field approximation, interactions
between electrons are treated as an average density of surrounding electrons, there is no explicit

correlation of electron movement included.

O (z pz ¢ g‘lﬁgz ¢z pi (11.10)
, . p "
U iz pz ¢ g‘l—gz Pz g (11.11)

In brief, HF method provides the best single-determinant wave function which allows to recover
approximately 99% energy of many-body systems. However, because of the high
computational cost, this method is generally limited to the case of few atoms, molecules and

small nanostructures. In addition, HF method suffers from problems of electronic correlation
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that may be corrected using the so-called Post-Hartree-Fock methods, such as Configuration
Interaction (CI), M¢ ller-Plesset (MP) perturbation theory and Coupled cluster method (CC), as

well as several emerging methods [3].
*)) 1 %&(84C)H7 & " 4858=:)40%5$C)<U4056/()

The density functional theory (DFT) has been the most widely used method for structure and
phase stability predictions, thermodynamics and description of electronic properties in
computational quantum chemistry and materials science. The DFT methods are generally
quicker than post-HF. They describe the electronic states of atoms, molecules and materials in
terms of the 3D electronic density of system, which is a great simplification over wave function
theory. Moreover, DFT has been shown to be very effective for metals, especially transition
metals [4]. The reason for this added advantage is that DFT includes the electron correlation

more efficiently than the HF calculations do.

The DFT was firstly proposed in Thomas-Fermi model, then the formalization of the two
Hohenberg-Kohn [5] theorems has built its firm foundation. The practical computational use of
DFT was finally established thanks to the development of the Kohn-Sham equations by Kohn

and Sham [6].
*2-)  KO5<=(LJ%$<B)<56%:)

Thomas-Fermi model provides a functional for the kinetic energy of a non-interacting electron

gas system as function of the density:

v omi 2o - i (11.12)
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and the total Thomas-Fermi energy functional in form of density is the sum of kinetic energy

and potential energy between nuclei-electron and electron-electron:

(11.13)

One can find from above equation that the exchange and correlation energies are not included.

The Bloch-Dirac exchange term can be added into the Thomas-Fermi model:

7

—1Q

J - (11.14)

-
(@)
-

Although with this exchange term, this model remains inaccurate for most systems since they
are considered within the homogeneous electron gas. Indeed, the electronic cloud is so localized
that the chemical bonds cannot be accurately described. In any way, this Thomas-Fermi model
is viewed as the precursor to DFT development through the transition from wave function

theory into electronic density problems.

*%) USO%&MYS; LV508)10%58%<()

Hohenberg and Kohn [5] developed two theorems. The first one states that all the properties of
a molecular system are determined uniquely by its ground-state electron density function ™ i .
This means that since the Hamiltonian is fully determined, all properties of the system are

determined.
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The second theorem states that there exists a functional 0 > that describes the ground state
energy of the system, which is the lowest energy if and only if the density is the true ground

-~

state density ”” 1 . Thus, by means of lowest energy, the ground state energy O fulfils:

o 0” Y”i (AT | AR | (11.15)

The proof of above relation is lied on the variational principle established for wave functions.
Now, if one considers a trial density ” 1 , based on the first theorem, it defines the
corresponding Hamiltonian which results its own wave function| . Thus, with this trial wave

function generated from its external potential @ , we can have:

0 soga vY™i A O IO B R | o” 0~
(11.16)
¢ sOs &

which conforms the result.

In summary, the Hohenberg-Kohn theorems establish the variational principle and proof the

~

existence of unique ground state density ” 1 and ground state energy O . These theorems

provide a major theoretical pillar on modern practical computational density functional theory.

%)) V50&LWO=<)<!056)

The Hohenberg-Kohn theorems were further developed by Kohn and Sham in 1965, named as
Kohn-Sham equations [7]. Within this approach, a fictitious non-interacting system is
constructed in a way that its density is the same as that of any given system of interacting

electrons. The total energy of such system is expressed as:

34



Chapter 11

0”1 .0 i7iq o '
st (11.17)

where Y is the kinetic energy of the independent particles. All the electron-electron
interactions are combined into the single entity exchange-correlation energy functional O

The Schrodinger like the Kohn-Sham variational equations are solved in a self-consistent way:

0 e i fei (11.18)

where « 1 are the corresponding Kohn-Sham orbitals andj are their orbital energies. The

orbitals are related to the density of respective N-electrons system:

U By by (11.19)
where one has the effective Kohn-Sham potential b  as:
L T 0O 1T L 1 Uv i (11.20)

with 0 representing the Hartree energy.

From a practical point of view, the advantage of this method is the use of independent electronic

kinetic energy, which makes the large scale of intensive calculations possible.
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The exchange-correlation functionals O in DFT are not known exactly. Different
approximations exist, thereto the most widely used ones are the local density approximation

(LDA) and the generalized gradient approximation (GGA).

2.4.1 Local density approximation

The local density approximation (LDA) assumes that the density can be treated locally inside
of a uniform electron gas system, where the exchange-correlation energy per particle of a

~

homogeneous electron gas of charge density > 1 can be written as:

o 7 _7if i (11.21)

The LDA provides accurate results for simple homogeneous systems but is unable to describe
molecular and electron-rich systems where the charge density is far from being homogenous.
In addition, the LDA generally overestimates the correlation energy and underestimates the

exchange energy.

2.4.2 Generalized gradient approximation

The generalized gradient approximation (GGA) improves LDA by taking into consideration the
term of gradient of the density that account for the non-homogeneous electron density. In this

approximation, the exchange-correlation energy is expressed as:

0 R | S I (11.22)
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In this thesis, the GGA proposed by Perdew, Burke and Ernzerhof [8] has been applied for all
DFT calculations, due to its good performance in description of geometries and energy of

transition metal systems.

*R)  A$SX%"45$)=7 ; <U&4N6LH=D%)<<056)

Valence wave function in the core regions trends to oscillate rapidly due to the orthogonality.
This problematic behavior requires a very fine mesh in order to describe correctly wave
functions. The projector augmented-wave (PAW) [9] technique is thus introduced to solve this
issue by using pseudopotentials that transform the rapid oscillating wave functions into much
smoother wave functions. The PAW method is often combined with frozen core approximation

to have further computational convenience.

*S)  Y$8:5788)Z58%)(=<>:8&3))

In DFT, the total energy of targeted system can be described using Kohn-Sham equations in
conjunction with Blochds [10] theorem, which allows to consider only the electron wave
functions lying within the first Brillouin zone (BZ) in reciprocal space. This results in
considerable reducing of computational resources. Furthermore, it is sufficient to sample only
the irreducible wedge in the square-lattice BZ if the system possesses point symmetries wherein
the symmetric operations can be applied to reduce the number of k-points. In this thesis, the
Monkhorst-Pack mesh [11] is chosen in order to facilitate the generation of k-points for DFT

calculations of periodic systems.

“1)  18(>%$(858)" 5$%" 4858)

The Van der Waals interactions are indispensable part for certain dispersion-dominated

materials because of the existence of long-range weak interaction. In standard Kohn-Sham DFT,
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these interactions are not properly described. A conventional method to correct this problem is
to add a correction term to the Kohn-Sham DFT energy, using available approximations.
Among them, the dispersion correction methods referred to as DFT-D methods developed by
Grimme et al. [12-14] are largely used in molecular and solid-state applications. In the DFT-

D1 and DFT-D2 methods, the dispersion term takes the form:

0 PeB 10, v
C

—‘| Oz

(11.23)

where O is the number of atoms in the system; 'Y denotes as the interatomic distance
between atom pairs 1and 0; & is the n-order dispersion coefficients for the atom pair and Q ;

are the damping functions. The difference between DFT-D1 and DFT-D2 lies in the values of

0; and O

While in the DFT-D3 method, higher 6  term (8-order dispersion coefficient) is included, in

the form:

Os

4
0 gBB ;Y

0 Y (11.24)

P
P

Unlike the DFT-D1 and -D2, the 6- and 8-order dispersion coefficients (Csij, Csij) in DFT-D3
are adjustable and geometry-dependent based on the coordination number of each atom pairs 1
and 0. This makes DFT-D3 more accurate than the previous versions which include only 6-
order Ceij term that is fixed and independent of the environment. Thus, the DFT-D3 is chosen

in this thesis to account for the dispersion energy of studied systems.
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Molecular Dynamics (MD) simulation method has proven to be a valuable tool for studying the
structure of molecular and solid materials during certain period of time. MD simulations are in
many aspects similar to real experiments and better yet, thanks to their atomistic resolution.
MD simulations are able to reveal interatomic interactions of materials, which generally cannot

be adequately described by experimental means.
207)  )AB4%848=:()8&) (*"45%8i$ ") <th4056()

In MD simulations, for a given system with N particles, the trajectories of these particles are

determined by solving Newtonds equations of motion (11.25).

0 ai (11.25)

where F is the force, m is the mass of the particle and 1 is the acceleration.

Such process consists in calculation of forces between interacting particles and their potential
energies. Depending on the targeted levels of accuracy, the description of potential energies can
be achieved by classical approaches and molecular mechanics or using quantum mechanics. In
this thesis, the potentials are defined based on quantum mechanics. More precisely, DFT is
chosen to reach a finer description of electronic structure and chemical reactions, wherein the
motion of nucleus is based on Borni Oppenheimer (BO) approximation. This method is named
as ab initio molecular dynamics (AIMD). It allows to calculate the potential energy of the
system on the fly as the trajectory is generated. In addition, as electrons are included, it produces

information on chemical bonds (breaking and formation of bonds) and other electronic
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properties. However, as the electronic variables are treated as active degrees of freedom in

AIMD, it is very expensive to run AIMD simulations for systems of few hundred of atoms.

%) Wi=48(48"=:)<%"0=&38"()

The positions and velocities of particles in MD simulation system are described in the level of
microscopic states. It is of great importance to convert these microscopic information into
observable macroscopic properties, such as temperature (T), pressure (P), energy (E), volume
(V), etc. This requires the use of Statistical Mechanics, which connects the microscopic
properties with macroscopic thermodynamic observables by the means of probability functions.
The thermodynamic ensemble conception from statistical mechanics is thus introduced. Several
important ensembles depending on parameters N (number of atoms), P, T, V and E are listed

below:

Q) Microcanonical Ensemble (NVE): the system is isolated from changes in N, E and V;

(i) Canonical Ensemble (NVT): N, V and T are fixed. In NVT, the energy of endothermic
and exothermic processes are exchanged with a thermostat. There are different thermostat
algorithms available embedded in VASP to control temperatures such as the Nosé-Hoover

Thermostat, Andersen Thermostat, Langevin Thermostat and Multiple Andersen Thermostat;

(iii)  Isobaric-Isothermal Ensemble (NPT): N, P and T are conserved.

In statistical mechanics, averages observables are defined as ensemble averages @

6a ..o Q i 7 (11.26)
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7 N Y p

N (b—,'Qa)r‘] on i 1Y (11.27)

where the integration is over all possible variables of positions 1 and momenta r) of particles in

system. The probability density of the ensemble is described as below:

where © is Boltzmanns constant, T is the temperature, H is the Hamiltonian and & is the sum

of all possible microscopic properties of the corresponding ensemble, called partition function.

G .0 01 n On i 10y (11.28)

All possible states of the system must be calculated in order to solve above integral. In
molecular dynamic simulations, it is essential to invoke ergodic hypothesis which states that
ensemble averages equal to time averages. This allows MD simulation to determine the time

average of ensemble:
66 =B i (11.29)

where 0 is the MD simulation time, O is the number of time steps in a simulation.

)2, OB6E&:)>$5>U$48H()
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The radial distribution function is an important statistic to characterize the local structure of
simulated system by measuring the probability of finding a particle at a distance of 1 away from

a given reference distance (or particle).
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Considering a homogeneous atomic system as illustrated in Figure 11.1, where the red particle
is the reference, and the blue particles on the orange circular sampling shell are the particles
resided within the sampling shell. The number of particle pairs at a distance between i and i

Q1 is thus obtained:

E1 ————00 (11.30)

where

is the number of particle pairs per system volume; Qw is the volume of the
sampling shell:

~ U
Qw “1 O

- “J “1 01 11.31
o i T“1 Qi (11.31)

Therefore, in the context of AIMD simulation, for a number of trajectories interested, the radial

distribution function for each trajectory is calculated and then averaged:

- BBBO1 1 (11.32)
§

where &, is the number of trajectory and 1 is the distance between atom 1 and 1 at the given
trajectory.
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In this thesis, to provide structural information (e.g., geometric arrangements) of trajectories
extracted from different AIMD simulation frames, we constructed a probability distribution
function by counting the number of atoms (occurrences) whose distances relative to the mass
center of the studied system fall inside the infinitesimal interval 11 Qi :

ph 10 1 Qi

T €000 000 (11.33)

B Sl
—, with 1

C1
p—

where U is the total number of atoms in the system and 1 is the distance of atom 1 related to

the mass center of the system.
/) KOu$<56C8&=<8")<<56%:)54);=()=6(5$>45&)

When the nanoparticle is under reactive gas environment, the adsorption behavior of gas on the
nanoparticle surfaces is usually described by isotherms, which are a function of the gas pressure
at given temperature. Among them, the Langmuir adsorption model [15] is the most important
theory which assumes that adsorbates behave as ideal gas adsorbed on a homogeneous surface,
therefore the interparticle interactions of gas are neglected and adsorbed on a perfect flat plane
where all adsorption sites are energetically identical, and each site can only adsorb one atom or

molecule (mono-layer coverage only). This famous Langmuir adsorption isotherm is given by:

— — &0 —) with O Qe — (11.34)

where the d is the coverage of adsorbates on surfaces sites, P is the partial pressure of adsorbates
and K is the Langmuir isotherm constant. The Y0 is the heat adsorption, Q is the Boltzmann
constant and T is the temperature. The Langmuir isotherm established the fundamental equation
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for describing the adsorption and has been applied in many studies of adsorption
thermodynamics. However, the lateral interaction between adsorbates which may greatly
influence the overall adsorption behaviors is not taken into consideration in this model. In this
thesis, an extended model of Langmuir called Fowler-Guggenheim (F-G) adsorption model [16]

is thus selected to incorporate the lateral interactions:

~

ov —0 where: 6 — (11.35)

where R is the gas constant, & is the number of the nearest neighbors of each adsorption site of
surface layer (the gas is assumed not to penetrate into the sublayers), and w is lateral interaction

between adsorbed molecules. K is the F-G equilibrium constant:

wo .0 v Y

v (11.36)

where Y is the entropy of adsorbed gas molecule, and Y  is the entropy of gas-phase

molecule, which is expressed as:

5 (11.37)

wherethe’Y  "Yi0 isthe gas entropy at 1 atmosphere pressure O as function of temperature

'Y, which is fitted based on the NIST-JANAF Thermochemical Tables [17] database.
Lateral Interaction (a0)

The F-G isotherm assumes the gas adsorption linearly varies with gas coverage (—) on surface,

thus the effective adsorption energy (O ) with gas coverage — is expressed as:
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0 0  aui- (11.38)

and the lateral interaction term (Q0), in this thesis, is evaluated as the adsorption energy
difference between full adsorbates coverage (—=1) and extremely low adsorbates coverage

where the lateral interaction between adsorbates is negligible (—=0):

avb 0 0 (11.39)
0 is adsorption energy calculated with the adsorbates isolated on the surface and far
enough from each other, and O is calculated with one monolayer of adsorbate coverage

on surface. Thus, a positive U represents attractive interaction between adsorbed molecules

and negative value indicates repulsive interaction.

To notice that the adsorption energies calculated in this thesis are computed with respect of

following expression:

0 0 0 0 (11.40)

where O is energy of the adsorbates, O is energy of the slab model, O
is energy of free gas molecule and hkl is the corresponding plane facet. According to this
equation, a positive value represents unfavorable gas adsorption on the surface and negative

value means favorable adsorption.
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In general, the size of active nanoparticles in catalysis ranges between 1 to 100 nm containing
between few atoms to several ten thousand of atoms. Despite the recent huge improvement of
modern computational quantum mechanical modelling methods, the quantum simulation of
systems with more than few hundred of atoms remains infeasible. One way to overcome this
obstacle is to use DFT-based Wulff construction method. Indeed, based on one of the most
popular models to construct nanoparticles of thousands of atoms, this approach provides fast
and reliable way to predict the shape of larger sized nanoparticles without solving complex

mathematical problems.
RI-)  NT7:#)"5&(4$7 " 485&)7&6%$)D="77<)

The Wulff theorem [18] states that the distance (Q ) from the center of crystal to the plane
facet (QQ0) is proportional to its respective surface energy (). Based on this principle, the
shape of an equilibrium crystal under vacuum can be constructed by searching the minimum

surface energy of each surface:

Q J (11.41)

The general procedure to construct the equilibrium shape of nanoparticle under vacuum is as
follows: (i) chose a center point, O; (ii) draw a plane that is normal to the[  from this center
point at the distance of Q _,where _ isagiven constant; (iii) repeat for all planes; (iv)
the space confined inside of all the planes is the equilibrium shape of the nanoparticle. (See

Figure 11.2)
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When crystal interacts with a reactive gas environment, its surface energy can be corrected into
interface tension,[ , that includes the term of the coverage of adsorbates (d):

r r - (11.42)

where A is the surface area per atom, and O s the gas adsorption energy on the surface. If
coupled with the F-G isotherm, that account for the lateral interaction, the interface tension is

then revised as:

A L (11.43)

Conventionally, thel  can be determined with following expression by establishing slab

models of targeting facet (004):

0 0J)0
cO

(11.44)
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where the O is the total energy of the slab of respective facets (Q0%), O is the energy per
atom of the bulk, N is the number of atoms of the slab, and the factor of 2 in the denominator

accounts for the two surface sides in this slab model.

RI,)  PDU$=;U%)(7$4="%)" 55$688=4858)8 7 <M3)

In crystallography, the coordination number (60) of an atom is defined as the number of its

immediate surrounding neighbors. In this manuscript, in order to identify the different shapes

of NP constructed, we define a new descriptor named average coordination number (60) which
is obtained by calculating the total 60 of all the atoms that located on surface then takes its

average value:

60 ——— (11.45)

where 00 is the surface coordination number of 1 atom, and O is the number of atoms

located on the surface of constructed nanoparticles. Each 60 value that satisfies 60  T8p

represents a new NP shape.
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Chapter Il

Modeling Pt nanoparticles under hydrogen

media

=) 3&4$567"4858&)

Platinum nano-sized metal particles (Pt-NPs) have diverse applications, especially in
heterogeneous catalysis and electro-catalysis [1-4]. In the last decade, several theoretical works
have been devoted to the characterization and the understanding of the unique catalytic
properties of this material [5-8]. Among known features, it appears that the high activity and
unique selectivity of Pt catalysts are generally size- and shape-dependent [9-13]. Moreover,
several in-situ experimental observations provide evidence for drastic shape evolutions of Pt-
NP catalysts in reactive gas environment [14-17]. For example, Roldan Cuenya et al.[14]
reported that differences in the catalytic performance of Pt nanoparticles toward the oxidation
reaction of 2-propanol are observed for samples with similar average TEM diameter but
exhibiting different shapes. This difference was explained as the result of the so-called
geometric effects, where under-coordinated Pt atoms at the NP surface are the operating active
catalytic sites [18-20]. This exemplary result shows how the identification of the precise shape
of Pt-NPs at a given temperature and pressure is a crucial step as the catalytic properties may

be dependent [14, 21].

The present chapter reviews the above-mentioned problematic of shape evolution and the

approaches to predict those of Pt-NPs by using accurate theoretical methods that might account
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for the effect of the adsorption of hydrogen gas. We choose the hydrogen as it is ubiquitous in
many reactions catalyzed by Pt nanocatalysts. Regarding the theoretical approach, and as
discussed in the first chapter, the choice is dictated by the targeted properties and always
depends on the size limitation. In this work, two different theoretical approaches are applied to
investigate the structure evolutions of Pt-NPs under hydrogen pressure at different temperatures
and for different sizes. For filarge sized Pt-NPso (larger than 5 nm), a multiscale structure
reconstruction model (MSR) combines the energetic parameters issued from density functional
theory (DFT) with thermodynamics using Fowler-Guggenheim adsorption theorem. Then
geometric construction of the Pt-NPs is obtained using Wulff construction method (see detailed
methodology in Chapter 2). The results provide equilibrium Pt-NP shapes for large range of
temperature and hydrogen pressure and show shape evolutions well consistent with the
experimental ones. Moreover, the governing factors responsible for morphology changes are
discussed. Then, to study the dynamic changes of fismall sized Pt-NPso (~1.8 nm) covered by
hydrogen atoms, we used ab-initio molecular dynamics simulations (AIMD). The Pt and
hydrogen motions and diffusions are explored under 'Y  uTt U. Finally, comparison between
the two theoretical methods, a discussion of the limitation of the respective approaches and

perspectives are proposed.

*)  OW056()=86)"5<>74=485&=:)6%4=8:()
*)-)  OTM("=)(4ST  4TSHSh" 5&(U$T " 4858)7OW 1 B)=>>$5="0))

DFT calculations

As explained in Chapter 2, to construct the equilibrium nanoparticle shape in hydrogen
environment by combining environmental Wulff model and F-G isotherm, the surface energy
[, the lateral interaction U and the hydrogen coverage-dependent adsorption energy O are
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prerequisite parameters. All those parameters are calculated using spin-unrestricted density
functional theory (DFT) implemented in the Vienna Ab-initio Simulation Package (VASP) and
the Perdew, Burke, and Ernzerhof (PBE) functional [22]. The valence electrons were treated
explicitly, and their interactions with the ionic cores were described by the projector
augmented-wave method, which allows the use of a low cut-off energy equals to 400 eV for the

plane-wave basis.

Slab construction

To construct Pt-NP, three low index surfaces: Pt(1 1 1), Pt(1 0 0) and Pt(1 1 0) were considered,
as they represent the most dominant surfaces of stable metallic nanoparticles. Two sizes of Pt
unit cells for selected facets (QQ4) were constructed: ¢ o and p p unit cells, which are
both separated by 15!"* of vacuum space containing 6 atomic layers from which the bottom two
layers are fixed on the bulk atom positions. The Brillouin zone integrations are performed with
a Monkhorst-Pack ¢ o p k-pointmeshforthe o o unitcellsand @ @ p k-point
mesh for the p p unit cells. The k-point mesh for the Pt-bulk metal optimization is

pp pp pp . To calculate the adsorption energy on each surface facet O , the hydrogen
may show different stabilities at different adsorption sites. Consequently, all possible
adsorption sites (top site, bridge site, hollow site and fcc site, etc. (see Figure 111.1)) of
hydrogen have been considered using DFT geometry optimizations on ¢ ¢ slab models.
The stable configurations considered in this work correspond to the configurations with the
most favorable adsorption sites which are the FCC site for Pt(1 1 1), and bridge site for Pt(1 0

0) and Pt(1 1 0), (see Table SI-111.1).
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Descriptors for the identification of Constructed Pt-NPs

The surface average coordination number 80 (see detailed explanation in Chapter 2) is used

as descriptor for identifying the different constructed Pt-NPs. We denote Pt-NP_60 as the

average coordination number of each Pt-NP with &€ corresponding to the calculated surface

average coordination number. For example, Pt-NP_80 represents a NP which is mainly
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formed by (1 1 1) facets. Knowing that 80 for (11 1) is 9, and Pt-NP_&0  will be a NP with

mainly (1 0 0) facet.
) ruusist)<b:%"7:=$)6C&=<§"()=>>$5="0)
Pt-nanoparticle model

Platinum is an fcc (face-centred cubic) metal, for which the relaxed surface energies are
generally found in the order of | [ r [23]. This order being that for Pt-NP in
its thermodynamically stable structure, the surfaces are mainly composed by the most stable
compact facets (1 1 1) and (1 0 0), which results in a stable fcc structure called fitruncated
octahedral (TOh). Such TOh shape has been reported by many experimental and theoretical
works as the most typical shape of fcc-metallic nanoparticles under vacuum [24-27]. In addition,
our results from MSR simulations (see Results section) also confirm that the equilibrium shape

for Pt-NP under vacuum is in a TOh shape.

Under the above considerations, a TOh Pt nanoparticle model of 1.8 nm size cut from its fcc
bulk metal containing 201 atoms (denoted as TOh_Pt201) is chosen for running AIMD
simulations of the fismall-sized Pt-NP0. The selected size offers a good compromise between
computational time and theoretical level of accuracy for both DFT geometry optimizations and
AIMD simulations. As shown in Figure 111.2, the constructed TOh Pt-NP is composed of (1 1
1) facets in hexagon and (1 0 0) facets in cube, with a total of 122 atoms exposed to the surface.
Then, to study the hydrogen adsorption behavior on TOh_Ptzo1, 122 hydrogen atoms were
adsorbed on the surface which represents a hydrogen coverage of 1 ML. The adsorption sites
of hydrogen were selected to be the fcc site on the (1 1 1) facet and the bridge site on the (1 0
0) facet. These adsorption sites are found to be the most stable on these surfaces (see Table Sl-

111.1). The fully hydrogen covered Pt-NP is named hereafter as TOh_Pt201H122. To start, both
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models were pre-optimized using DFT at 0 K to reach their local minimum energies, then were
used as initial stable Pt-NPs configurations for AIMD simulations at 500 K for at least 30-ps

simulation time to assure reaching the equilibrium configurations.

Ab-Initio Molecular Dynamics Simulations

Ab-initio molecular dynamic simulations (AIMD) invoking Born-Oppenheimer approximation
were carried out in the canonical (NVT) ensemble employing Nosé-Hoover thermostats with a
time step of 1.5-fs at 500 K. This temperature is chosen as it is the most common used to
investigate catalytic systems. The hydrogen free and hydrogen covered Pt TOh NPs were
modelled using an orthorhombic periodic cell of dimensions oB o8B  o1B, which is big
enough to avoid interactions between neighboring periodic images. All AIMD simulations were
conducted using Vienna Ab-initio Simulation Package (VASP). Atomic forces were estimated
using DFT calculations with the Perdew, Burke, and Ernzerhof (PBE) [22] exchange-
correlation functional. The valence electrons were treated explicitly, and their interactions with
the ionic cores were described by the projector augmented-wave method, which allows the use
of a low cut-off energy equals to 400 eV for the plane-wave basis. The convergence criterion

for optimization of the wave function was set to 104,

55



Chapter 111

(A) (B)

X TOh_PtZOIH 122

!
iS008 " 1((()<+)!FA5#1.20180, " :%,/81691/ 8¢: - I6F (D 3H!-£8%,/.£01-1:012:$%8/ 4011 ;601" - £#1$10111"5
3 /LT HSI0PY0-16/7 . (512%666) I"TS " Z0+eo8[! "8I 0+PYO-13,+" 1 2GG! "E . 50=(/1*+0) -1* . -05< (. 10/!
-654* (1 "TS " ZOtegr>nce8! "=5(ED! 1;%+,/6) 1 *+0) -[1 1,/Q)! "E.50=(/! *+0) -§11 T* (1 *.-051+,0/1 - +(-! 04!
"E.50= (/1514 (14841~ +(-10/1+ (12121 2$URE(H*/ 147 (1<5, .= (1- 1041+ (" 2IBIBSIFE(HIIT ™ (- (1- + (=154 (!
D 0-+4%205%<; (1* . ~051+,0/1-,+(-1041"E .50=(/10/1 (*&" 14*& (4!

) VW(7:4()

J-)  OB6H:8& ;T 78:M$87 <)(0=>M)5H AUL@A() 7&6%S)0CES5 ; 4&) " 5&BMI5E)7 (B& ;) OW 1 )<56%:)

Table I11.1 represents all DFT calculated parameters needed for the MSR construction. As
expected, under vacuum, the calculated surface energies of Pt surfaces are found to respect the

order of | r I , which is in full agreement with the literature [28-29]. The

most stable calculated hydrogen adsorption energies show that hydrogen strongly adsorbs on
the (1 0 0) facet and then on the (1 1 0) and (1 1 1) facets. For the (1 1 1) surface, the fcc site is
the most favorable adsorption site (-0.70 eV) and on the (1 0 0) and the (1 1 0) facets it is the
bridge site (-0.84 eV and -0.75 eV, respectively). The difference in adsorption energies between
the bridge and the fcc sites varies from 0.05 eV to 0.14 eV. This preference order of hydrogen

to Pt facets are also in good agreement with many previously reported studies [30-32]. To study
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the lateral interaction between adsorbates (hydrogen), we computed the evolution of the
adsorption energy with increasing coverage on each Pt surface. The results show the much
stronger repulsive H-H lateral interaction (negative values represent for repulsive-interaction,
see detailed explanation in Chapter 2) on facet Pt(1 1 1) (-0.13 eV) than on Pt(1 0 0) (-0.063
eV). On Pt(1 1 0) the lateral interaction is found to be negligible, which is in agreement with

the literature [33].
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With the pre-requisite parameters ready-in-hand, we modeled, the shape evolutions of Pt-NPs
of size around 5 nm containing about 24000 Pt atoms for temperature changing between 200
and 1200 K, while the hydrogen pressure varies from 1 to 10° Pa (1 bar). These temperature

and gas pressure ranges may cover most experimental conditions. The individual modeled

structures are denoted as Pt-NP_60; (see definition of 0 in method section).
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In Figure 111.3, the contour plot shows the different Pt-NP structures constructed with MSR

model as a function of temperature and hydrogen pressures identified by the different 8O
values and coded with different colors. Thus, the dark red represents the smallest average
coordination number and the purple color indicates the highest average coordination number.
In the whole modeling (T, p)-range, the Pt-NP shape (60 values) is found to change between
Pt-NP_ 60, (cube-like) and Pt-NP_ 80, (octahedron-like), reflecting the
increase/decrease of the fraction of (1 1 1)/(1 0 0) facet on the Pt-NP surface, respectively.
Based on the contour plot, the evolution manner of Pt-NP shapes can be summarized into two

modes:

() For hydrogen pressure above prt Pa (marked in white dashed line, Figure 111.3), the Pt-NP
shape evolves progressively from near-perfect octahedron shape (Pt-NP_60 , ) to the near-

perfect cube (truncated cube) shape (Pt-NP_60 , ) when increasing the temperature. In this
domain, the fraction of (1 0 0) facet increases from 5.5% to 90.7% and the fraction of (1 1 1)

facet decreases from 94.2% to 9.3%, respectively.

(i) Bellow hydrogen pressure of ptt Pa, the Pt-NPs are predicted to undergo reversible shape
changes with increasing temperature. Indeed, firstly the Pt-NPs changes from near-perfect

octahedron to the near-perfect cube shape, then the shapes start to reverse back and stabilize in

the form of a truncated octahedral shape, Pt-NP_80
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To understand the above dynamic changes especially the shape reversibility in the lower
pressure area, the evolution of hydrogen coverage and the interface tension on each surface
facet are computed as a function of temperature. In Figure 111.4 the results for two different
hydrogen pressures, 1 and 0,01 bar are reported. As the morphology changes of NPs are
governed by the interface stability of facets and their affinity with the gas environment, the
analysis of the evolution of interface energies may provide information on the preferable
equilibrium shape. To remind readers, the interface tension (Chapter 2, equation 11.43) is the
F-G adsorption isotherm-revised surface energy when NP is interacting with adsorbed hydrogen
atoms, and thus this observable is "YI0i— -dependent. In Figure 111.4-A, for Pt-NPs under 1
bar (prt Pa) of hydrogen pressure, the hydrogen coverage on (11 1), (11 0), and (1 0 0) facets

are equally high at low temperature. This indicates that the surface (1 1 1) which has the lowest
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interface tension will remain as the dominant facet of equilibrium Pt-NPs in this temperature
region. Then with the increase of temperature above 1000 K, the H coverage on (1 1 1) facet
starts to decrease while on the (1 0 0) and the (1 1 0) facets, the coverage barely decreases. This
result is in line with the lower adsorption energy of hydrogen on (1 1 1) surface compared to
the (1 0 0) and (1 1 0) ones. Consequently, the interface tension of (1 1 1) facet increases faster
than that of (1 0 0) facet until it becomes higher, which results in the increase of the proportion
of the (1 0 0) facet at the expense of the (1 1 1) facet. Under 0.01 bar (102 Pa) of hydrogen
pressure (Figure 111.4-B), the fraction of facet (1 1 1) is found to rapidly decrease for T above
600 K and reaches the range of 0.3-0.1 ML for T higher than 1100 K. In that range, the coverage
of hydrogen on the three facets is almost equal. Considering the evolution of interface tension,
the results show that the (1 0 0) facet becomes more stable than the (1 1 1) facet for temperature
between 700 and 1100 K. This results in the re-enlargement of facet (1 0 0) and the diminution

of facet (1 1 1). For temperature higher than 1100 K, a shape reversing of Pt-NP is observed.

To validate the above MSR predicted results on Pt-NP shapes in hydrogen condition, we
searched for recent experimental results that may confirm these predicted shapes. It appears
that the most common Pt-NPs structures observed/synthesized in the literature are composed of
(111)and (1 00) facets manifesting in cubic, octahedral, truncated octahedral and tetrahedral
shapes, etc. [34-37]. El-Sayed et al. [34-35] were the first that reported the synthesis of Pt-NPs
in the shape of cube, tetrahedron and truncated octahedron thought the H2 gas flow as a reducing
agent of K2PtCls in aqueous solutions wherein the shape of NPs is controlled by regulating the
concentration of the capping agents. Moreover, dynamic changes of Pt-NP under hydrogen
condition have been also observed in some experimental works [38-39]. For example, Duan et
al. [38] have reported the in-situ Cs-corrected TEM images on the supported Pt-NPs with a

diameter of approximately 5 nm and have shown that Pt-NP are mainly composed of (1 1 1)
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and (1 0 0) planes. These authors also reported that at 473.15 K and hydrogen pressure of few
mbar, the (1 1 1) surface is the main facet, while with temperature increasing to 773.15 K, a
higher fraction of (1 0 0) facet was observed. All these observations are consistent with the

MSR prediction results.

Let us note that for Pt-NP_ﬁlw(pT the structure is mainly composed of (1 1 1) and (1 0 0)
surfaces. This TOh structure is found in the most high-temperature and low-pressure area (green
region) which represents the equilibrium shape under vacuum. This stable truncated octahedral
shape (TOH) was used as the nanoparticle model shape of our fismall-sized Pt-NP modelingo

using AIMD simulations.

%) P3O 1)(8<<7:=4858)5#)(<=:)Ad)": 7 (A4S ()88)>$ (%8, %)5)0C6$5 ; e,

3.2.1 Pt-NP under vacuum

Our first AIMD simulation consisted of following the configurational trajectory of the bare
TOh_Pt201 NP at the temperature of 500 K. In Figure I11.5 are presented the potential energy
evolving as a function of the simulation time as well as the temperature profile at NVT-
ensemble. This figure shows that the TOh_Pt201 system rapidly reaches its equilibration stage
after 3-ps with stabilized potential energy and temperature varying around 500 + 50 K. This
stabilization is maintained until the end of the simulation. It can also be noticed that in the very
beginning, during the first ~3-ps simulation time, there is a sudden increase of the relative
potential energy from 0 to over 20 eV. This observed artifact is an expected thermalization
process for the initial configuration of TOH_Pt201 (0 K) searching for its thermodynamically
stable state (500 K). Such process is also accordingly manifested on the temperature profile (0-

ps to ~3-ps).
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After 30-ps simulation time span, the final configuration (TOh_Pt20:@500 K) extracted from
the last trajectory of AIMD simulations is compared with the initial TOh_Pt2o1 Structure

(denoted as TOh_Pt20:@0 K). As illustrated in Figure 111.6, the two configurations are identical.

TOh_Pt,,; @0 K: Initial configuration TOh_Pt,,; @500 K: Final configuration

0K 500 K

"1$%6 " (U)X, %- .8/ 40110216, " 2.1-#6 * 1-%A2$%& "HI. 7 * 114.4/,163"'4!1; 750 ; .48#? " 6HIK.5MK!-7/; " 1%16 " &!
@/ :%%8! 64STNK.«»V/ LI TH /16! .71 241/ ,1 -7/ ; "1 &#$7 .1 46" ! -%A2%$%E "H! /2. "8 F(D 3! -¢8%,/ .401-!
64ST7NK.<«.x\V/RLLITHI%16"&!RLLIT)!

The well-preserved TOh shape structure during dynamics at 500 K is further confirmed by the
analysis of the radial distribution function comparing the first-neighbor peaks between initial
and final configurations. As it can be seen in Figure 111.7-A, the first-neighbor peaks of fiPt-
Pto distance for both configurations are identically located at 2.75 j. The second- and third-

neighbor peaks of the two configurations are well overlapped.
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To complete the analysis, the calculation of distance distribution of Pt atoms relative to the
mass center of the NP is depicted in Figure 111.7-B. Except slight-disturbance on the long-
range distances above 7 A, the 3 peaks located at 2.8 A, 3.9~ 6 A and 7.1 ~ 8.5 A signature of

the well-defined fcc structure of the truncated octahedral-Pt-NP are found to remain well

preserved comparing to the initial configuration.
3.2.2 Pt-NP in presence of hydrogen

After the simulation of bare TOh_201 Pt-NP, we considered the hydrogen covered Pt-NP
(TOh_Ptz1H12,) and we performed AIMD simulations. Before that, the hydrogenated Pt-NP was pre-
optimized by DFT and the optimized Pt-NP (denoted as TOh_Pt201H122@0 K) shows that the

TOh shape is fully preserved, see Figure 111.8. The hydrogen adsorption energy is -0.49 eV
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indicating a strong H-Pt binding. This value is in agreement with the experimentally calculated
heat of chemisorption, generally reported to be between 30 and 60 kJ!mol [40]. The time
evolutions of relative-potential energy and temperature stabilization of TOh_Pt201Hi22, are
presented in Figure 111.9. It can be seen that the thermal equilibration is quickly reached only

after ~3-ps of simulation time, similarly as the simulations on the TOh_Pt201 under vacuum.

There are no noticeable changes observed following the configurational evolution of AIMD
simulation of TOh_Pt201H122 under 500 K during the 30-ps of simulating time. Indeed, the final
structure (TOh_Pt2oaH122@500 K, see Figure 111.8) of Pt-NP keeps its TOh shape where
hydrogens moving over the surface are mainly located on the bridge sites of (1 0 0) facets,

partially on the top and on the fcc sites of (1 1 1) facets and on the edges.

TOh_Pt,4;H1,,@0 K: Initial configuration TOh_Pt,4,H1,,@500 K: Final configuration

0K 500 K

"H8%& " 1((OX+)!(,,%-.&7 .#01102!6, "2.1-#6 " 1-%A2S%E "H!. 7 * 1§14.4/,163"4! ;4750 ; .4#8#? " 6HIK.5MK!-7/; "1Y4.7!
*IDZ102!/.084:179640$ " 1!:00 " &/$ " LASPNK. <P+ VLITH/16L.7 " 1241/ \-7/ ; 166487 .16 ™ 1-%A2$%& " H!
/2."8F(D3!-#8%,/ .#01-164SPNK. < +P»<<\VVRLLTH%16 "&IRLL!TT!
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The analysis of the radial distribution functions (Figure 111.10-A) shows that the peaks relative
to the first-neighbor in the TOh_Pt201H122@500 K are preserved compared to the initial DFT

optimized TOh_Pt201H122@0 K. The fiPt-Pto first-neighbor peak is located at 2.75 A in both
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structures and also for the bare TOh_Pt2o1 predicted under vacuum. The unique change is
observed for the first-neighbor peak of fiH-Pt0 distance located at 1.75 j for
TOh_Pt201H122@500 K (Figure 111.10-B). This value is slightly shorter than the initial
configuration (the DFT optimized structure) where Pt-H distance is calculated at 1.85 A. This
difference is probably due to the change in the surface hydrogen distribution over the surface
where several H atoms initially located on the fcc sites of (1 1 1) facets have moved to the top

sites of the (1 1 1) facet and on the edges of Pt-NP.

(A) (B)
14
14 1 e TOH_PtZOllez@OK 12 — TOH._PtZOIHlZZ@OK
127 —— TOH_Pt;01H1,,@500K —— TOH_Pty01H12,@500K
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= 8] a5 B
- p—
4 41
Pt-Pt ? H-Pt
21 21
o) 0
0 2 4 6 8 10 0 2 4 6 8 10
i) r(A) .

"#8%& " I((()*L+)!E/64/ 164 .64A%.50112%1 : .#01-102414.4/,1/16/2%1/,):012¢$%¢6/ .#01-102'K .5MK 1! ; & - 1: °!
02179680% " 1)!"#51< (+3 ((/10+PO+1* 5-11"8%< (+3 ((/!>PO+1* 5-T1
Finally, the calculation of distance distribution of Pt atoms relative to the mass center of the Pt-
NP (Figure 111.11) shows that the hydrogen adsorption has little effects on the structure of Pt-
NP. The hydrogenated final configuration TOh_Pt201H122@500 K is found to maintain its fcc
structure as manifested by the three groups of well-defined peaks signature of the fcc symmetry

structure.
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In this chapter, we present our study in the prediction of the equilibrium shapes of Pt-NPs as a
function of varied temperature and hydrogen pressure. Two different theoretical approaches

depending on the size of the NP are applied:

i) The multi-scale reconstruction approach called MSR model used to predict the shape
evolution of the flarge-sized Pt-NP0 (~5 nm). This method combines the DFT method and the

thermodynamics of hydrogen adsorption to calculate the evolution of interface energies as a
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function of hydrogen coverage. Then, the Wulff construction theorem is applied to predict the
thermodynamic equilibrium shapes of Pt-NPs under hydrogen pressures in the range of p 06

p1t 0 and temperature range of ¢TIty p¢TUTO;

i) The AIMD method chosen to study the structure evolution of fismall-sizedo Pt-NPs. The
selected initial model NP is a Truncated Octahedron (TOh) of 201 atoms, (~1.8 nm). The AIMD
method is also based on DFT method and allows exploring the conformational three-
dimensional complexity of metal nanoparticles in presence of gas adsorbates, providing
structural information with dynamic trajectories that links different possible topological
changes. To account for the hydrogen, the Pt-NP is covered by 122 hydrogen atoms, which is
equivalent to one monolayer (ML) coverage and pre-optimized by DFT at 0 K. Then AIMD
simulations are performed on both bare Pt-NP (TOh_Pt201) and hydrogen covered Pt-NP

(TOh_Pt201H122) at finite temperature of 500 K.

The results of our study in exploring the shape evolution of large sized NP under hydrogen

pressure show two main regimes:

(i) For hydrogen pressure above pmt Pa and temperature varying from 200 to
1200 K, the Pt-NP shape evolves progressively from near-perfect octahedron to
near-perfect cube shape. Thus, with increasing temperature, the strong
proportion of (1 1 1) facets forming the NP surface changes to the benefit of the
(1 0 0) facets. These results are in line with the calculated strong hydrogen

adsorption on Pt(1 0 0) surface;

(if) For hydrogen pressure lower than ptt Pa and with temperature increasing,

the Pt-NP is found to undergo reversible shape changes. Firstly, the Pt-NP
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changes from near-perfect octahedron to the near-perfect cube shape, then for

higher temperature, it returns to its initial truncated octahedral shape.

Concerning the small sized Pt-NP, the AIMD simulations of hydrogen covered TOh-Pt2o1_Hi22
show no changes in the structure during simulation time of 30-ps at 500 K. The TOh structure
is found to remain extremely stable and the comparison between the bare Pt-NP and hydrogen
covered Pt-NP indicates that the strongly adsorbed hydrogen atoms (Eass = ~ 0.5 €V) have no

effect on the structure or the shape of small Pt-NP.

To validate these original results, we tried to confront these predicted shape evolutions of Pt
under hydrogen media to the experimentally observed results published in the literature.
Unfortunately, this was a challenging task, because, as far as we aware, there exists no study
devoted to the investigation of the shape changing of Pt-NPs, specifically under hydrogen
pressure. Nevertheless, we found several works reporting the changes in the shape of Pt-NPs
under capping agents or during synthesis, generally in dry conditions, and the reported shapes

fully concord with our predicted shapes.

Finally, we show here that the MSR approach is practical to screen candidate structures with
efficiency, especially for big-sized NPs that are out of reach of quantum calculations. However,
such approach is only reliable for large size NPs (at least 5 nm) owing to the fact that the DFT
parameters applied in this model are calculated from extended surfaces models. In addition,
compared to AIMD simulations, which despite being computationally much more expensive,
chemical reaction details such as the bond breaking and forming, as well as the adsorbates
diffusion evolutions on the surface cannot be captured. One strategy can be pointed out to
balance together the accuracy and computational cost for the description of dynamic metallic

NPs properties in reactive gas conditions. It is to firstly start by scanning all possible shapes
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that may exist under specific P and T of our working catalytic system by using MSR model.
Then select one or several most promising structures to be further studied using AIMD

simulations for more accurate and detailed understandings of microscopic mechanisms.
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Chapter 1V

Modeling small Au nanoparticles under

hydrogen media

-)) 3848567 "4858)

Bulk gold is chemically inert and has been generally considered catalytically inactive, until the
breakthrough discovery of Haruta [1] in 1987 showing that Au became active for the oxidation
of monoxide carbon under temperature even lower than 0 jC when its size is smaller than 5 nm.
This precedent finding has led a wave of research towards the catalytic activity of Au
nanoparticles (Au-NPs), and applications were discovered in many oxidation and

hydrogenation reactions [2-5].

One of the main characteristics of the gold nanocatalysts is that their activity is improved when
their size decreases. Over the years, many concepts have been proposed to explain the origin of
this higher activity of small Au-NPs. One of them is related to the geometrical effects [6-8].
More precisely, it is widely agreed in the literature, that the low-coordination sites such as the
edges and corners are the catalytically active sites of Au-NPs. These sites providing additional
surface configurations for adsorbates [9-12], exist in a high proportion in small sized NPs.
Indeed, the smaller the nanoparticles, the higher is the fraction of low-coordinated surface
atoms. So, as illustrated in Figure 1V.1, a remarkable increase of the fraction of the step-edge

and corner sites on the surface is recorded for Au-NPs size decreasing from 4 to 1 nm.
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This concept of increasing fraction of low-coordination sites with decreasing NP size, has been
largely adopted for studying the reactivity of Au-NPs, especially in theoretical modeling and in
the field of surface science [13]. The common practice is to consider Au nanoparticles as perfect
model crystals with well-defined symmetry and firigido atomic structure, then to study the
interaction of isolated gas molecules on the surface [14-16]. However, as it is addressed all
along this manuscript, such model shows serious drawback since it ignores that adsorbates may

induce surface changes in response to the reactive environment which eventually may affect

their catalytic properties.

Aside from structural effects, quantum-size effects [17-18] are also frequently invoked to
explain the exceptional activity of Au-NPs. It has been reported, that reducing the nanoparticle
size leads to a discrete electronic band structure that results in a transition from metal to non-
metal character. For instance, Valden et al. [19] reported that for Au clusters ranging in size
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from 1 to 6 nm supported on single crystalline surfaces of titania, the scanning tunneling
microscopy measurements showed that the catalytic activity coincides with the onset of a band

gap uncharacteristic (appearance of the non-metallic properties) of Au bulk metals. Moreover,

several other works strongly suggest that Au particles below 2.5 nm in size exhibit non-

metallic character, which makes them especially active in Hz chemisorption and dissociation

[20] favoring H-rich environment promoting hydrogenation reactions.

Despite the diversity of proposed concepts and assumptions, no agreement on the origin of the
improved reactivity of small-sized Au-NPs was found. This is because of the lack of a tangible
scenario that takes into account the surface atomic evolution under realistic temperature and

pressure conditions.

The powerful development of in situ experimental techniques has extended the characterization
of catalysts from the ultra-high vacuum into more realistic working (T, P)-conditions. Recently,
the in situ aberration-corrected environmental transmission electron microscopy (ETEM)
observations of gold catalysts under hydrogen were performed by our collaborators (Dr. Jaysen
Nelayahds group) from the Laboratoire Mat@riaux et Ph®nom nes Quantiques, Universit® de
Paris. These colleagues investigated structural evolutions of supported Au-NPs on titanium
oxide surface with different sizes under different temperatures and hydrogen gas pressures.
Their in situ atomic-scale observations of individual Au-NPs complemented with ex situ TEM
observations show that the fcc Au-NPs initially (under inert gas) shaped as truncated octahedron
(TOh) undergo dramatic structural changes in H2 when the size is smaller than ~4 nm. In
contrast, the TOh shape is roughly maintained for the Au-NPs with bigger size. In order to
address the above experimentally observed size-dependent shape transition, and to understand
the factors ascribable to the shape changes in small gold NPs, we performed AIMD simulations.

This method is capable of capturing the complex dynamic changes of materials in reactive gas
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condition (see discussion in Chapter 1), and thus expected to be able to reveal the origin of
those experimental observed structural transformations of the small-sized Au-NPs under
hydrogen condition. In this chapter, we start by presenting a summary of the experimental
observations (section 2) and then we introduce the theoretical methodology details in section 3.
In section 4, the AIMD simulation results are detailed where geometric and electronic structure
analyses are presented and thoroughly analyzed and discussed. This work was submitted for

publication in the journal iSmallo.
*))  QF>U$s<U&4=:) [M(%$D=485&)

In the following, the experimental details evidencing the size-dependent structural changes of
Au-NPs in Hz are presented. All these experimental manipulations/data are achieved/provided
by our collaborators (Dr. Jaysen Nelayah& group, Laboratoire Matériaux et Phénomeénes

Quantiques, Université de Paris).
Size-dependent structural change

Figure 1V.2 shows the selected in situ high angle annular dark field scanning ETEM (HAADF
STEM) images of Au-NPs of two different sizes: 4.5 nm (Figure 1V.2-A) and 3 nm (Figure
1V.2-B) under Ar exposure (vacuum) and under 10° Pa Hz. Under vacuum conditions, it can be
seen that for both investigated sizes, the Au-NPs are in truncated octahedral shape (TOh) with
well-defined (1 1 1) and (1 0 0) facets. In contrast, when exposed to Ha, size-dependent
structural changes of Au-NPs are revealed, where the 4.5 nm Au-NP is found to keep its initial
TOh shape (fcc structure) from 400 jC to 25 jC, while the 3 nm-sized Au-NP drastically

changed and transformed into a rounded shape at 400 jC and at 200 jC.
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(A) Au-NP ~4.5 nm
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(8) Au-NP ~ 3 nm

Ar, 400 °C H, exposure, 400 °C, 38 min H; exposure, 200 °C, 8 min H; exposure, 200 °C, 34 min
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Moreover, the rounded shape observed for 3 nm-sized Au-NPs was further proofed as an

icosahedral-shape by comparing with the kinematic STEM simulations of Augs1 icosahedron in

vacuum (see Figure 1V.3).
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HAADF-STEM kinematic-STEM
images simulation

400 °C, 38 min o= 0, a,= 20, a;= 150

200 °C, 34 min

"898 " 1(\)=+)!CO8 ; /4-01102PFF3"5>4] DI#8/$"-1021 =1 181 FUSMK-1:/ ; .36 " 61260818898 "1 (\5<5A!
Y£.71.77TEL" 8/ 4:1>4] D1-#8%,/ 101102/ 1:0-/7 * 68/ JFh[=*IMK-1%16 " 810/ - W0 S)N (4#1-, . (1041 (!
4,265(1-"03-1+" (15(4(5(/&(.1=(0) (+5E! 04T ™ 1= ) 6;%+,0/1 T (1 (; (45071 <(*)! -1 /8, . (/+1%;0/=!
+7 (el 5(&H0/%/ ™ (U154 & (/1< (,+ (L /P/EL. 5(8+,0/13,+" 5(-1(&+40% " (1,780 /=I(; (&+50/-!
221%/=(-1 QU M/ GITT QO *+&KTO ™ 1= ) 6;%+,0/-1 O #6y! 80-** (5071 /1 2*666) ! -
2,(3(.18;0- (01 +-1GP40; . I"+O181*/ . %14, 2(P40; . 1"<0++0 ) $I*R(-T!

Based on the above in situ images and the kinematic simulation results, it can be confirmed that
the small-sized Au-NPs (< 3 nm) undergo structural changes from TOh shape (fcc structure) to
rounded shape (icosahedral-like structure) under Hz condition. In contrast, H2 exposure has
roughly no effect on the structure of Au-NPs with size above 4 nm. This result presents, the
first experimental observation evidencing size-dependent structural transformation of Au-NPs
under hydrogen condition. Moreover, no theoretical work has been devoted to the investigation
of hydrogen effects on the structural evolution of small gold NPs. In order to fill this gap, the

work described in the following sections was performed.
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Same as in the case of our study on Pt small NPs, we considered the truncated octahedron (TOh)
shape with the size of 1.8 nm containing 201 atoms to model small gold NP (herein noted as
TOh_Auzo1). To simulate the hydrogen-exposure environment, the Au-NP is covered by 122 H
atoms (denoted as TOh_Auzo1H122), which corresponds to a gas coverage of one monolayer (1
ML). The Au-NP model structures were modelled using an orthorhombic periodic cell of
dimensions ort o omt B. Note that the NP models for MD simulations (TOh_Auzo1 and
TOh_Auz01H122) were initially pre-optimized by DFT calculations, leading to fcc local
minimum energy structures with slightly distorted surface facets, for the case of hydrogen

adsorption with H atoms mainly occupying bridge and hollow sites on the Au-NP surface.
%) P39 1)(8<7:=485&()=&6) 1 IK)"=:"7:=485&()

Ab initio molecular dynamics simulation invoking Born-Oppenheimer approximation were
carried out in the canonical (NVT) ensemble employing Nosé-Hoover thermostats [21-22] with
a time step of 1.5-fs at 300 and 500 K for at least 60-ps time span. All ab initio MD simulations
and DFT calculations were conducted using Vienna Ab-initio Simulation Package (VASP) [23].
All local minima associated with specific atomic arrangements selected from MD simulations
have been isolated and their geometrical and electronic properties have been calculated and
analyzed by DFT method. The generalized gradient approximation functional of the exchangei
correlation energy was calculated within the Perdew, Burke, and Ernzerhof formulation [24] of
the generalized-gradient approximation (GGA-PBE). The van der Waals interactions were
included using Grimmeds dispersion correction terms [25]. The cut-off energy was fixed to 400

eV. The convergence criterion for the electronic self-consistent cycle was fixed to 1076 eV.

82



Chapter IV

Geometry optimizations were performed within a conjugate-gradient algorithm until the

convergence criterion on forces (10'2 eV!A1) was reached.
Velocity rescaling

In this chapter, the direct Canonical (NVT) ensembles are employed for the simulations of
TOh_Auz01 under vacuum. For the hydrogenated-gold NP and considering the possible
hydrogen adsorption inducing strong energy fluctuations, velocities of the initial structure
(TOh_Au201H122) were primally scaled at each ionic step to allow a continuous increase of the
kinetic energy. This leads to a gradually heated up temperature from 0 to 500 K within 1.5-ps
simulation time. Then the temperature was maintained at 500 K under NVT ensemble until the

end of simulation (60-ps).

/) VW(7:40=86)68(" 7((858)

/=) P3O 1)(8<7:=458)54)P7)@A)7&6%$)D="77<)

The AIMD simulation of the TOh_Auzo1 structure under vacuum was performed at 300 and 500
K for over 60-ps simulation time. As illustrated by the Figure 1V.4, the Au-NP reaches its
dynamic equilibrium state around ~3-ps, after which a fluctuation of relative potential energy
difference remains less than ~1 eV until 60-ps of simulation time. The temperature also remains
well stabilized close to 300 K (Figure 1V.4-B) where the averaged temperature curve (red curve)
tightly sticks around 300 K. The similar energy and temperature stabilization processes of

TOh_Auzo1 is also observed for simulations under vacuum at 500 K (see Figure-1V.5).
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The DFT pre-optimized initial structure (denoted as TOh_Au20:@0 K) before conducting
AIMD simulations and the final structure under 300 K (TOh_Au20:@300 K) and under 500 K
(TOh_Au200@500 K) extracted from the last trajectory of simulations are compared by the
radial distribution function of AAu-Auo distance and the probability distribution functions of

the Au atoms relative to the center of mass of Au-NPs (Figure 1V.6 for 300 K and Figure 1V.7

for 500 K).

85



Chapter IV

(A) (B)
— TOh_Au,,; @0 K —— TOh_Au,0; @0 K
15.01
—— TOh_Au,,; @300 K § —— TOh_Au,,; @300 K
5
i
— 10.0 1 4
K o
°0 N z
%
5.04 —8
WW\ML )
0.0
0 2 4 6 8 10 0o 1 2 3 4 5 6 7 8 9 10
r(A) r (Au-center) (A)

"% " (\)U+)1#SH"4() 180, " :%,/6!691/ 84: - 16F (D 3H!-#8%,/ .#01-10214STNF %< +6%16 " & @/ : %%8H!/ .!
=LLIT)"#8la*. %) . -+5,<6+,0/146/&+,0/7-1 04/ +*) TS " Z#6¢s7! -+56&+65(! "5(.!;, /(B */ .1 +7 (14,/%)
1568+65(1 "<:6(1:,/ (8 <(+B((/! #EPH6! 1% 5-T1"88I T* (1 150<*<,; 4! . 45,<6+,0/146/8+,0/-1 04 +™ (1 #6!
40 54+, 2(#0M " (B (/+(FI0) *—-< (+B( (/4" (7 1+ *:1-+568+65(I'5( . 1. / (7 . ™ (14,/*:1-4568+65(!
"<:6(, /(5N

(A) (B)
—— TOh_Au,,,; @0 K —— TOh_Au,0, @0 K
15.0
— TOh_Au30; @500 K k> —— TOh_Au,0; @500 K
-
B
— 10.0 1 2
) o
50 2
| 2
5.0 o
‘j m&-ﬁ\m@_ e
£ n
0.0
0 2 4 6 8 10 0o 1 2 3 4 5 6 7 8 9 10

r(A) r (Au-center) (A)

18068, | (\)W+) HESHE " 4(2) 180, " %,/81691/ 8- I6F (D 3H!-£8%,/ .10 1-10214S TNFhey 16%16 " 810/ - 5 SHI/ .|
RLLIT)I"#81 a* . *:1 . ~45,<6+,0/1 46/8+,0/-1 08l ./ +*:) TS " Z#65z! ~4568+65(1 "5(.1 5,/ (81 */ .1 +7 (1 4,/%:]
45684651 "<:6(!;,/ (8 <(+3( (/1 #6P#6! 1% 5-11"881 T* (1 150<*<,; 4! . ,~+5,<6+,0/146/&+,0/-1 041 +* (1 #6)
40 -5 (%, 20l " (& (/+ (5108 *--I< (+B( (/1" (1 / +,%)1-4568+65(15( . 1,/ (I*/ 1™ (14,/*:1-+568+65(!
"<:6(,/ (8!

In accord with the experimental observation (Figure 1V.2-B) on small-sized Au-NPs under Ar

at 400 C, there is no structural changes found during the AIMD simulations for TOh_Auzo1 at
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both investigated temperatures of 300 and 500 K. To confirm this, the radial distributions of
the resulted structures are analyzed. As shown in Figure 1V.6-A and Figure 1V.7-A the first
neighbor peaks of AAu-Auo distance are located at 2.85 j for the initial and the final structure
of TOh_Auzo01. Besides, it can be seen that the distribution function of the final structure
TOh_Au201@300 K and TOh_Au200:@500 K both maintain their fcc structure within the
simulation time span as manifested by the 3 groups of well-defined fcc-signature peaks (Figure
IV.6-B, Figure 1V.7-B). These peaks correspond to the distances of the atoms in the fcc core
(located at 2.9 A), the inner-shell of NP (located at 3.9 ~ 6.5 A) and the outer-shell (located at
7.2 ~ 9 A). Thus, despite a few slightly scattered distributions, the peaks remain restrained to

their corresponding centers under 300 and 500 K.

To sum up, according to the analysis of MD simulations on the bare Au-NP (TOh_Auzo1) under
different temperatures, it can be confirmed that for a TOh shaped Au-NP under vacuum
condition, there is no structural effects on the bare NP and the fcc structure remains well

preserved whatever the applied temperature.

/%) P3O 1)(8<7:=458)54)P7)@A)&)>$% (%8 %)5#)0C6$5 ;%8

The initial step before running AIMD simulations on hydrogen covered TOh Au-NP was to
optimize the structure with DFT. The results show slight surface disturbance induced by the
adsorbed 1 ML H atoms mainly locating on the bridge and top sites of Au-NPs surface. As
illustrated in the Figure 1V.8, the TOh shape and the fcc symmetry remain unchanged after
DFT geometry optimization. The adsorption energy is calculated to be of +0.08 eV, which
indicates a very weak H-adsorption on the Au-NPs. Taking this optimized structure as initial
configuration, AIMD simulation over more than 60-ps of time span under 300 and 500 K were

performed.
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4.2.1 Hydrogenated Au-cluster simulation under 300 K

Equilibrium process

During the simulation of hydrogenated Au-NP under 300 K, according to the relative potential
energy profile (Figure 1V.9-A), the energy progressively increases of about ~13 eV compared
to its initial value during the velocity scaling process (0-1.5-ps) with increasing temperature
from 0 to 300 K (Figure 1V.9-B). Then the potential energy rapidly drops during the first 15-
ps simulation time, which is the result of the 3 pairs of hydrogen atoms that were desorbed from
the Au-NPs surface during that time. After this period, the system starts to stabilize with small
energy fluctuations continuing until the end of simulation. Similarly, the temperature stabilizes

around 300 K after the 1.5-ps of velocity scaling time.
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Configurational evolutions

Figure 1V.10 shows four configurations extracted from the AIMD simulation of the

hydrogenated Au-NP evolving as a function of time under 300 K:

i) the Configuration-0 corresponding to the DFT pre-optimized initial structure, ii) the
Configuration-1 selected after 1.5-ps time simulation span, which corresponds to the end of
velocity scaling process where the temperature reached 300 K, iii) the Configuration-2
extracted at 40-ps, and iv) the Configuration-3 which is the final structure after 60-ps simulation
time.

Configuration-0 Configuration-1 Configuration-2 Configuration-3
t=0-ps t=1.5-ps

DFT pre-optimized (OK)

896871 (\J*L+)! (,,%-.8/.£01! 02! 79680$"1/."6! FUSMK-! :012$%8/.£01-1 *_.&/:."6! 2%08! F(D3!
~48%,/ 01!/ 1=LLITTI+568+65 (104 "E . 50=(/*+( . #EPYO-1 (RE5*E+ (. 1*+1- ) 6;%+,0/1+)) (NBPL-1" / +.%;)
~+568+65(D! 15(POL+, ), A( ! <EL\KT$)! 27HP1-DI FBPL-1 %/ 1 1BP1-T1%0 ) (1405 (.1 8503/!;,Q(! GIPHEP I €!
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During the simulation process, hydrogen desorptions are found to occur and the number of
adsorbed hydrogens decrease progressively. As it can be seen from Figure 1V.10, at 1.5-ps
(Configuration-1), the structure of Au-NP readily undergoes an evident structural change with
hydrogens arranged themselves preferentially on the bridge sites of surface Au atoms, and the

initially well-defined (1 1 1) and (1 0 0) facets have been lost. Then the structure continues to

evolve with hydrogen atoms constantly moving on the surface of Au-NP forming well-ordered
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fiH-Au-H0 chains with one hydrogen bridging two Au atoms, like ficrownso (see the chains with
H atoms marked in magenta on Configuration-3). The overall shape of the simulated NP is
transformed from TOh to distorted sphere. This predicted transformation confirms the
experimentally observed drastic structural changes of small-sized Au-NPs from the TOh to

rounded-shape nanoparticles under hydrogen atmosphere.

To identify the structure of the formed rounded-shape, the final structure, Configuration-3, was
extracted and re-optimized using DFT at 0 K (denoted as Configuration-30), then compared

with the fiperfecto fcc structure TOh_Auzoz in Figure 1V.11.

(A)
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As depicted in Figure 1V.11, the Configuration-30 is indeed a rounded shape NP with well
ordered ficrown-likeo structure of the hydrogenated gold at the surface. For this structure, the
hydrogen adsorption energy is found to be slightly improved after to the desorption of 3 pairs
of Hz (Eads = +0.024 eV instead of +0.08 eV on the initial configuration). The core-structure of
Configuration-36 presented in Figure 1V.11-B (right-side picture) is compared with the
referenced core-structure of the fcc TOh_Auz01 NP (Figure 1V.11-A). As one can see for a
typical fcc crystal arrangement, the atoms are organized as follows: 1 atom in the boy-center, 6
atoms in its horizontal plane and 3 atoms on the top, 3 atoms on the bottom, which counts 13
atoms in total. The core-structure of Configuration-30 is found to keep this fcc arrangement
although undergoes slight deformation. To summarize, the AIMD simulation of hydrogenated
Au-NP under 300 K indicates drastic morphological changes which confirms the in situ
experimental observations. However, under this temperature, the theoretical results show no
symmetry transformation as the fcc remains stable for simulation time span as longer as 60-ps.
At 300 K, the fiicosahedral-likeo structure is not captured by the AIMD simulation, which is
probably due to the low temperature that cannot provide sufficient kinetic energy to the system
to overcome the activation energy barrier necessary to reach the symmetry transition. For this

raison, AIMD simulations of hydrogenated Au-NPs were further performed at 500 K.

4.2.2 Hydrogenated Au-cluster simulation under 500 K

Equilibrium process

As shown in Figure 1V.12-A, during AIMD simulation of the hydrogenated Au-NPs under 500
K, the potential energy of the system abruptly increases to ~ 24 eV in the first 1.5-ps of velocity
scaling process, then the energy drops rapidly during ~ 20-ps of time. In this period, 10 pairs of
H2-desorb from the surface. Then, the energy fluctuation starts to reduce and become quite

stable after 40-ps of simulation time (less than ~1.5 eV of fluctuation) until the end of
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simulation. Concerning the temperature, the Figure 1VV.12-B shows stable fluctuation around

500 K after the first 1.5-ps velocity scaling process.
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Configurational evolutions

Similar to the case of 300 K, three configurations are extracted from trajectory time during the
AIMD simulation. The Figure 1V.13 shows the initial configuration (Configuration-0) at 0-ps,
which is the DFT pre-optimized structure, the Configuration-b taken at 1.5-ps, the

Configuration-c, extracted at 40-ps and the final structure, Configuration-d, at 60-ps.

Configuration-0 Configuration-b Configuration-c Configuration-d
t =0-ps t=1.5-ps t =40-ps t = 60-ps

DFT pre-optimized (0K)
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From Figure 1V.13, it can be seen that similar to the simulation under 300 K, the hydrogenated
Au-NP readily loses its TOh equilibrium shape during the first rescaling period (Configuration-
b at 1.5-ps) in which 1 pair of H2 desorbs from the surface. Then 9 more pairs of atomic
hydrogen desorbed progressively into Hz gas molecules while others highly diffuse on the
surface. From 40-ps to the end of the simulation (Configuration-c and -d, the H atoms on two
of the crown-like chains are marked with magenta color), the mobile hydrogen stabilizes on
bridge sites leading to an arrangement in the form of ficrown-liked AiH-Au-H0 chains. The
resulted shape of the NP is rounded with well ordered fiH-Au-Ho chains sliding over a highly
distorted core. The hydrogen coverage in the end of the simulation is found to reach 0.8 ML

with 102 H adsorbed H on the surface. This final structure resulting from the AIMD simulation
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at 500 K (Configuration-d) is then extracted and re-optimized by DFT at 0 K (denoted as
(Configuration-db). As shown in Figure 1V.14-A, the ordered fiH-Au-Ho chains are well
defined with almost constant fiH-Auo and fiH-Ho distances (as an illustrative example, one of
the surface chains with AiH-Auo and fiH-HO bond distances is presented in Figure 1V.14-B).
Moreover, the calculated hydrogen adsorption energy under this structure is calculated to be of
-0.025 eV, which indicates a favorable hydrogen bonding on Au-surface in contrast with the
initial configuration (+0.08 eV), as well as the final structure obtained from AIMD simulation
under 300 K (+0.024 eV) both showing unfavorable H-Au bonding. The structure of
Configuration-dd is further investigated by analyzing the bulk atoms. Interestingly, the typical
fcc core arrangement is found to be totally lost and instead, a distorted icosahedral arrangement
composed of 19 Au atoms is generated (Figure 1VV.14-C). This result is highly consistent with
the experimental observation showing highly stable icosahedral-like structure of small-sized

Au-NP under hydrogen atmosphere.
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To go further in the analysis of the atomic structure of the predicted hydrogenated gold NP, the
probability distributions of Au atoms distances relative to the mass center of configurations
extracted at different AIMD simulations are reported in Figure 1V.15. The evolution of atomic
probability distribution during simulation time, from its initial configuration (Configuration-0)
to final configuration (Configuration-d), shows how the structure of Au-NP changes from fcc
to non fcc symmetry. Thus, the initially well-distinguished peaks signature of ideal fcc-
symmetry (black lines) especially the first two peaks representing for the core- and inner-shell,
have progressively disappeared during the simulation time (the fcc-peaks are flattened and
scattered progressively from Figure 1V.15-A to Figure 1V.15-C). This suggests a complete

transition from fcc to non fcc structure.
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Au-H and Au-Au bond formation and breaking processes

To analyze the mobility of hydrogen atoms on the Au-NP surface, several pairs of iH-Auo
atoms are selected and the evolution of their relative distances are followed during the entire
AIMD simulation time. As illustrated in the Figure 1V.16, some hydrogen atoms show high
mobility on the surface of Au-NP while others remain fixed in their initial adsorption site until
the end of the simulation time. Thus, in Figure 1V.16-A while the Au-H bond represented by
the black curve remains at ~1.78 A during the entire simulation time, the cyan curve shows
bond dissociation at ~12-ps. The Au and H atoms initially forming this bond do not meet again.
In the Figure 1V.16-B the bond formation of two Au-H pairs occurs after 30-ps and 40-ps. The
hydrogen atoms initially located at distances of 5 and 8 A from the selected gold atoms (the
purple and blue curves), move closer and form stable Au-H bond of ~1.78 A. Note that the
formed fiH-Au0 pairs are bonded together to form one of the iH-Au-Ho crowns (from 30-ps

and 40-ps until the end 60-ps).
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The Figure 1V.17, reports the bond distance evolutions of several randomly selected Au atoms
located in the surface (outer shell atoms Figure 1V.17-Al and -A2), from the inner shell
(Figure 1V.17-B) and from the core (Figure 1V.17-C) during the AIMD simulation under 500
K. The Au-Au bond distances of the atoms located on the outer-shell are found to fluctuate
around an average distance, but no formation and bond breaking was recorded. In contrast, Au
atoms located in the inner-shell and the core are found to be strongly mobilized. For instance,
Au atom located in the inner-shell Figure 1V.17-B is found to move toward the core (the red
curve showing the Au-Au distance varies from ~5 A to ~3 A). Other Au-atoms segregate from
the core to the inner-shell of the Au-NP (Figure 1V.17-C, blue- and cyan-curve showing the
Au-Au distance varying from ~3 A to ~ 5 A). The above bond profiles provide direct evidence

of the drastic and dynamic structural transformations occurring during the AIMD simulations.
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Electronic structure analysis
In order to understand the stability of the original surface structure of Au-NP formed in presence
of hydrogen, we performed electronic structure calculations where the distribution of charge

density (Figure 1V.18) and the local density of states (DOS, Figure 1V.19) of the

Configuration-do are analyzed.
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In Figure 1V.18 is represented the distribution of the charge density difference between the
hydrogenated gold NP outer-shell, formed by fiH-Au-Ho chains and the rest of the NP atoms
I.e., the inner-shell and the core atoms. The strong charge density accumulation is found on the
fiH-Au-Ho chains, while the strong charge density depletion is on the inner-shells. Moreover,
the Bader charge calculations over these two types of shells also show different charged states,
where the Au located on the ficrown-likeo fiH-Au-Ho chains are more negatively charged (>
0.04 e units of elementary charge) than on the Au located in the inner-shells. These two distinct
electronic structures suggest two types of accessible sites for the incoming reactants in

hydrogenation catalytic reactions.
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In Figure 1V.19, the Au 5d-band density of states (DOS) for both Au surface and core atoms
of Configuration-dd are compared with the Au 5d-band DOS of the fiperfecto fcc Au-NP in TOh

shape (TOh_Auzo1).
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The DOS curves of hydrogenated gold NP are found to be quite different from the DOS of the
perfect fcc TOh_Auzo: free from hydrogen. These formers are found to be narrowed which is
in complete agreement with the theoretically predicted and experimentally observed transition
from fcc to icosahedral-like symmetry [26]. For hydrogenated gold surface atoms, the d-band
center (-3.33 eV) is found to fidownshifto away from the Fermi level d-band center TOh_Auzo1
(-3.2 eV), which is in line with the hydrogen-Au chemisorption. In contrast, the d-band center
of core atoms is found to dupshifto toward the Fermi level (-3.47 eV vs -3.72 eV), which may
be the result of charge transfers for the benefit of the upper surface atoms. All these results open

the way for a deep investigation of the reactivity of these revealed surface active sites to
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understand accurately the reaction mechanisms occurring over hydrogenated gold

nanocatalysts.

R) W7<<=$C)=&6)"5&":7(85&)

In the framework of a collaboration with colleagues from the MPQ lab (Université Paris
Diderot), environmental transmission electron microscopy observations (ETEM) were
performed to study the structural evolution of gold nanocatalysts under reactive media.
Particularly, the in situ atomic scale observations of individual Au-NPs complemented with ex
situ TEM observations, show supported fcc Au-NPs undergoing dramatic structural changes in
H2 when their size is smaller than ~ 4 nm while no changes are observed for higher sized NPs.
The initially well faceted TOh Au-NP with fcc symmetry, stable in presence of inert gas (similar
to the under vacuum conditions), are found to transform to a rounded shape with an
icosahedron-like symmetry. This result provided the first real space evidence of a size-
dependent structural transformation in Au-NPs exposed to hydrogen confirming by the way,
the importance of understanding the dynamic structural changes undergone by the gold

nanocatalysts under realistic conditions.

In order to understand these observations and to explain at the atomic level the origin of the
structural and symmetry transitions observed in small gold NPs, we performed AIMD
simulations and DFT calculations on truncated octahedral (TOh) shaped Au-NP containing 201
Au atoms. The simulations were performed at two different temperatures of 300 and 500 K,
under vacuum condition and in presence of 1 ML of adsorbed hydrogen atoms. The results
show that hydrogen is chemisorbed on the gold NP surface and that this chemisorption induces
transformation of the Au-NP from TOh shape to rounded shape with transition from the fcc to

a icosahedron-like symmetry. These results are in full agreement with the experimental
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observations. Moreover, the predicted AIMD configurations show original structure of the
hydrogenated gold NP where surface gold atoms are found to stabilize in the form of a well-
ordered crowned AAu-H-Auo lines sliding over a highly distorted gold center. The electronic
structure analysis show electron accumulation over the surface hydrogenated Au lines and
electron depletion in the valleys in between. This predicted picture is far from the conventional
model of Au-NP catalysts often used in heterogeneous catalysis (well faceted NPs with rigid

structure) to study the reactivity as is the case in hydrogenation catalytic reactions.

To conclude, by this work, we showed how AIMD simulation method is powerful and able to
correctly predict the dynamic shape evolutions occurring under reactive conditions. These
results provide the first evidence of hydrogen adsorption-inducing complete restructuration of
small gold nanocatalysts and suggests the necessity of reinvestigating their reactivity through a

more complete picture.
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Chapter V

Modeling Pt based alloys under hydrogen

media: from single atom to host surface

1. Introduction

Bimetallic nanoparticles (NPs) have attracted growing attention because of their improved
catalytic properties compared to monometallic ones. In the recent decade, several works have
showed that the addition of a second metal to a given metallic catalyst, increases its catalytic
activity and/or selectivity performances [1-2]. However, as the bimetallic NPs are composed of
two different types of metal atoms, in addition to the possible structural re-shaping underwent
by the nanocatalysts, surface composition evolutions may occur during reaction conditions.
Indeed, it is now well established that the surface composition of bimetallic NPs may be
modified when exposed to reactive (gas) environments, driven by the changed strain effects and
the different bonding-strengths of metals to the adsorbates. This is manifested as the enrichment
of the surface or of the bulk by one of the components. This process is called the surface/bulk
segregation phenomena. Thus, predicting the chemical ordering changes on the surface of

bimetallic NPs is essential for understanding and controlling the performances of catalysts.

Among all bimetallic nanoparticle catalysts, platinum-based alloys are the most efficient and
indispensable in many chemical reactions, particularly in heterogeneous catalysis and

electrocatalysis. Meanwhile, due to the scarcity and the high price of the platinum, it is highly
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relevant i to reduce its usage by adding other metals while maintaining and even improving its
catalytic performance. Moreover, using in situ and operando experimental technics [3-6] as
well as DFT method [7-8], several works have reported surface or bulk segregation behaviors
induced by the presence of adsorbates for a number of Pt-based bimetallic systems. For instance,
R. Cuenya et al. [6] have reported experimental evidences of segregation trends on Ni/Pt
nanoparticles as a function of reactive gas pressure. Using environmental XPS technics, these
authors measured the evolution of Ni/Pt surface ratio of Ni/Pt-NPs exposed to 1 bar of CO. The
results show an increase of Ni/Pt ratio from 0.7 at 298 K (Pt-rich) to 1.5 at 673 K (Ni-enriched),

followed by a decreased ratio until 0.7 (Pt-rich) at 873 K.

From theoretical point of view, the study of the segregation behavior of alloy systems is
generally performed under vacuum conditions. For the few available works accounting for the
presence of adsorbed gas, the employed theoretical methodologies are mainly stationary
approaches. More precisely, the theoretical approaches generally consist in considering an
initial system A in presence of adsorbed molecules (most often one adsorbed molecule) with an
impurity B located in the bulk and a final system where such impurity B is in the surface of
system A, directly interacting with the adsorbed gas molecule. Then the segregation energy is
calculated as the energy difference between the final and the initial systems. The problem is
that this static model does not include the dynamic changes of reaction conditions (temperature

and gas pressure) under working conditions.

Very recently, Zhu et al. [9] proposed an improved environmental segregation energy model

for surface segregation (Oyiqq) €valuation of bimetallic alloy under temperature and pressure

changes, using DFT calculations coupled with Fowler-Guggenheim adsorption isotherm that

includes the gas coverage and the lateral interaction effects. This approach has been shown
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effective to predict the surface composition evaluation of several bimetallic alloy systems under

varying temperature and pressure.

During my thesis, | spent one month of visiting program in the Zhuos lab in Shanghai and |
learned about using this environmental segregation model to study my systems. | investigated
the evolution of segregation behavior of several Pt-based alloy systems under various
temperatures (T) and hydrogen gas pressures (P). | focused on the two diluted states of these
alloyed systems. More precisely, | started by studying the Pt as a single-atom diluted in 8
selected transition metal (M) surfaces (M = Cu, Ag, Au, Ni, Pd, Co, Rh, Ir). Then, | considered
Pt as a host surface of the same M single-atoms and | studied their segregation behaviors for
the same range of temperature and hydrogen pressure. Thus in this chapter, | will start by
presenting the results of Pt single-atom alloy systems named dilute-Pt/M alloys (Section 3.A),
which were published in the journal of Applied Surface Science [10]. Then, in Section 3.B, |
will detail the results obtained on single-atoms M diluted in Pt surfaces systems named dilute-

M/Pt alloys (publication under preparation).

2. Computational Details

The DFT spin-polarized calculations were performed using Vienna Ab initio Simulation
Package (VASP) [11] with the Perdew, Burke, and Ernzerhof (PBE) functional [12]. The
valence electrons were treated explicitly, and their interactions with the ionic cores were
described by the projector augmented-wave method, which allows the use of a low cut-off

energy equals to 400 eV for the plane-wave basis.

In order to evaluate the environmental segregation trends of bimetallic alloys, 4 types of slab

models (Figure V.1) were constructed, corresponding to the position of the impurity B in host
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metal A. Three low index surfaces, (1 1 1), (1 0 0) and (1 1 0) are selected because as it was
demonstrated in chapter 3, they represent the most dominant facets of stable Pt nanoparticles.
Two sizes of unit cells of selected facets (00) were constructed: ¢ o and p p unitcells,
which are both separated by pu B of vacuum space containing 6 atomic layers from which the
bottom two layers are fixed on the bulk atom positions. The Brillouin zone integrations are
performed with a Monkhorst-Pack ¢ o p k-point mesh for the o o unit cells and

@ ¢ p k-point meshforthe p p unitcells.

3x3 Unit Cells 1x1 Unit Cells

E ads c(1x1)

"% IN)*+)13"41-%82/ - " 1- /AI806 " ,-1:01-.8%:. " 6/208! " 1@#%018"1./,!-"$"$/.401!806 " )!

Single-atom Pt diluted in M-host surfaces: For the study of single atom Pt catalyst, the Pt metal
atom is taken as diluted in host-M surfaces ( ¢ ¢ unit slab models) M(1 1 1), M(1 0 0) and
M(1 1 0) (M = Cu, Ag, Au, Ni, Pd, Co, Rh, Ir). To be noticed that in the case of host Cobalt

surface, only the most stable surface Co(0 0 0 1) is considered.

Single-atom M diluted in Pt-host surfaces: Metal atom M (M = Cu, Ag, Au, Ni, Pd, Co, Rh, Ir)
is taken as the single-atom M diluted in ¢ o unit slab models: Pt(1 1 1), Pt(1 0 0) and Pt(1

1 0) surfaces.
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Under vacuum segregation energy [ g and environmental segregation energy frurgl

The segregation energy (O ) under vacuum is defined as the energy difference between a
system where the single-atom is diluted in the topmost host surfaces (O ) and the system

where the single-atom is diluted in the bulk geometry (O ) of host surfaces, i.e., in the 4th

layer of our 6 layers slab:

o 0 0 (V.1)

When the hydrogen is introduced into the alloy, the gas-induced segregation energy O is

described as below:

0 0 0 - 0 - (V.2)
where the O and O are the average adsorption energy of atomic hydrogen on the
single-atom site and on the surface of host metals, — and — are the coverage of

adsorbed hydrogen atom on the dilute sites and host sites, respectively.

According to the definition, if O or O s sufficiently negative, the metallic single-atom is
stable on the surface. Conversely, it segregates to the bulk when O or O s sufficiently

positive.
Binding Energy || gF"and | ' 1"

The adsorption energies (O )and (O ) are coverage-dependent due to the non-negligible

lateral interaction (0) between the neighboring adsorbed molecules:
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0 00 a0— (V.3)
and
0 00 an— (V.4)

with & representing the number of nearest neighboring adsorbates. 60 is the binding energy
of the isolated adsorbate on the host surface. 60 is the binding energy of adsorbate on the

single-atom inserted in the host surface.
Lateral Interaction (»:x)

The lateral interaction is evaluated as the hydrogen adsorption energy difference between the
p p and o o M-host surfaces, representing full adsorbates coverage (— p) and

extremely low coverage (—  pTa), respectively.
Fowler-Guggenheim Theorem: Gas Coverage (F’ji| I PT!“”) and Entropy ({j4r, { 4my)

The Fowler-Guggenheim (F-G) adsorption formalism is employed to describe the evolution of
hydrogen coverage on single-atom Pt site (— ) and on host atom site (= ), and the

coverage — is temperature (T), pressure (P), and adsorption energy dependent:

Q TR (V.5)
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60 7 Yy Y

O Qof =

(V.6)

where K is the adsorption equilibrium constant, Y is the entropy of adsorbed gas assumed to

stick on the surface, and 'Y is the entropy of gas phase molecule that is considered to be equal

to zero. TheY  is dependenton T and P:

Y

0]
Y YWD Yie (V.7)

Y YiO s the gas entropy at 1 atmosphere pressure (0 ) as a function of T, which is fitted

based on the data from the NIST-JANAF Thermochemical Tables [13], Figure SI-111.1.

Mapping segregation energy ([ g ) Of single-atom as a function of (T, P)

In this chapter, considering hydrogen as the reactive gas, the segregation energies of single-
atom dispersed in bimetallic surfaces are studied under the pressure range of 1 - 10° Pa and the
temperature range of 200 -1200 K, which covers most of experimental working conditions. The
predicted environmental segregation energy O of single-atom for both bimetallic systems
are color-coded as a function of temperature and hydrogen pressure and are plotted in contour-
figures. The color code of the contour plots is defined as follows: positive values of O

superior to +0.7 eV (dark blue), between +0.7 and +0.3 eV (light blue) and between +0.3 and
+0.05 eV (aqua) represent the overy strongo, éstrongd and dweakd bulk segregation of dilute-
atom, respectively. The negative values of O inferior to -0.7 eV (red), between -0.3 and -
0.7 eV (orange) and between -0.05 and -0.3 eV (yellow) represent the dvery strongd, éstrongd

and 6weakd surface segregation of dilute-atom, respectively. When 0 is between -0.05 and
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+0.05 eV (light green), single-atom is considered as stable on the surface as in the bulk (no

segregation preference).

The predicted environmental segregation energy for two systems are presented and discussed
separately, in Section 3-A and Section 3-B and all calculated DFT energetic values issued from

the different binary systems are depicted in Table SI-V.1.

3. Results and Discussions

LIPD)  WB&; HL=45<<)Ad)68: 74%6)88) OLO5 (4)(7$#="%()

,2P2-) Q&DES5E<U&4=:)(%; $%; =485&)54)(88; hL=45<)Ad)68: 74%6)88) OLO5 (4) (7$#="1()

The study of Pt diluted in M-host surfaces highly integrates the recently emerged hot topic
called fisingle-atom alloys (SAASs) systemso [14]. By definition, SAAs are a type of catalysts
were the active metal atom (i.e., Pt in this case) is isolated into the relatively inert host-metal
surfaces while exhibiting improved catalytic performance with optimal metal utilization.
Following this idea and in attempt to find an alternative way for reducing the amount of Pt as a
scarce noble metal and potentially enhancing its catalytic selectivity, Pt-based single-atom

alloys (SAAs) have generated significant interest [15-16].

The most important challenge for stabilizing the SAA catalysts is to prevent the sintering and/or
segregation phenomena, especially in presence of gas or solvent. As explained above, the
segregation process leads to an enrichment of one of the alloy components at the surface or into
the bulk, depending on the affinity of each alloy component with the gas environment. The
sintering phenomena is governed by the high surface mobility and diffusion of atomically

dispersed metal species and results in the aggregation of SAAs to form clusters of few atoms
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on the surface [17-21]. The sintering of singly dispersed metal atoms into clusters and

nanoparticles has been observed for many SAAs [22-23].

Although the metal segregation has been commonly observed in bimetallic nanoparticles under
reaction conditions [24-27], the segregation and the stability of the isolated atoms in the SAAs
have been rarely studied [28]. In this section, with a focus on the segregation phenomena thus
leaving the sintering effect for a near-future scope, the evolution modes of segregation energies
of single-atom Pt in different Pt-based SAAs and the effect of hydrogen on their stability will

be presented.

Single-atom Pt diluted in coinage group host-metal surfaces

In Figure V.2, the Oy Of single-atom Pt anchored in coinage group surfaces show interesting

changes with increasing hydrogen pressure and/or decreasing temperature. The stability trends
of single-atom Pt in Au and Ag host surfaces are very similar and evolve monotonically whereas
non-monotonic changes were found in Cu(1 0 0) and Cu(1 1 0) host surfaces. For Au and Ag
host surfaces (1 1 1), (1 00) and (1 1 0), the Pt is found to have a positive segregation energy
under vacuum (see Table SI-V.1), which means that single-atom Pt could not be present on
these host surfaces and prefers to stabilize in the bulk. This is an expected result as the surface
energies of Au (1.5 J/m? [29]) and Ag (1.32 eV/atom [29]) are much lower than that of Pt

surface (2.37 J/m? [30]).
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Copper group
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Interestingly, hydrogen exposure seems not to alter this tendency. Indeed, the color changes in
the counter plots from strong (light blue) to weak (aqua) bulk segregation and non-existing
(light green) segregation with decreasing temperature and increasing hydrogen pressure, show

that the probability to find single-atom Pt on these surfaces (Au and Ag) is negligible. In

116



Chapter V

contrast, in Cu(1 1 1), the surface segregation of single-atom Pt is found to be quite favorable
under vacuum (O =-0.06 eV) and could be preserved (yellow color) for the entire pressure
and temperature considered ranges. When inserted in Cu(1l 1 0), which represents edges of
nanoparticles, the single-atom Pt could be only stabilized in the surface within a small
temperature window of 300 - 500 K at 10 Pa of hydrogen pressure or at very low temperatures
and pressures (lower than 300 K and 102 Pa). These temperature/pressure domains are governed
by a competition between coverage of hydrogen on host Cu surface and on dilute-Pt sites as
illustrated by Figure SI-V.3. These results are in agreement with the reported experimental
work of Lucci et al. [31] showing the high selectivity for butadiene hydrogenation to butene
under mild reaction conditions of copper nanocatalysts with dilute-site Pt dispersed in the
surface. Moreover, these authors reported that under realistic pressures (1 bar) and at low
loadings, Pt exists as individual isolated (substituted) atoms in the Cu(1l 1 1) surface, these
species ensuring stable activity and 100% selectivity. Several other recent works demonstrated
the stability of Pt/Cu SAAs under hydrogen pressure [32] and in many selective hydrogenation
and dehydrogenation reactions [33-36]. Therefore, the herein results bring a molecular picture

of the surface under selected experimental conditions.

Single-atom Pt diluted in nickel group host-metal surfaces

Under vacuum conditions, the segregation behaviors of single-atom Pt in nickel and palladium
surfaces are found to be opposite. Indeed, Pt surface segregation toward top-most surface nickel
is favored whereas bulk segregation is predicted in Pd bulk. This behavior is in line with the

surface energies order increasing from Pd (2 J/m? [29]) to Pt (2.37 J/m? [30]) and Ni (2.44 J/m?

[30]).
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Nickel group
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Figure V.3 shows that hydrogen pressure and temperature may affect the stability of single-
atom Pt in Ni. This former remains stable on the surface for a wide range of temperatures and
pressures except within a narrow window of temperature between 300 and 600 K and at very
low hydrogen pressure (bellow 102 Pa), where it is found to segregate into the bulk of Ni(1 1 1)
and Ni(1 0 0). To explain the changes within these narrow domains, we followed at fixed

temperature of 400 K, the evolutions of Oy Of Pt in Ni (1 0 0), the hydrogen coverage on

surface host site =¥ and single-atom Pt =% as a function of hydrogen pressure (see Figure
V.4). At 1 Pa pressure, the calculated Og;oq in Pt/Ni (1 0 0) is T0.01 eV. For this low pressure,
the hydrogen already covers almost 0.6 ML of Ni surface sites. However, the coverage on
single-atom Pt by hydrogen is near to zero. At this stage, the hydrogen has a negligible effect
on the segregation behavior of single-atom Pt. With the pressure increasing from 1 to 10 Pa,

the O INCreases monotonically. At 10 Pa, it reaches a maximum positive value of +0.13 eV.
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The coverage of hydrogen on the host surface and on single atom sites is 0.9 ML and 0.10 ML,
respectively. The hydrogen prefers to adsorb on the surface Ni atoms instead of Pt atoms (See
Table SI-V.1). Such difference of adsorption preference prevented the segregation of the
single-atom Pt. The Oy Starts to decrease with the further increase in pressure. This is because
the hydrogen on the Ni atoms reaches its maximum. Further increasing the pressure only
increases the coverage on the single-atom Pt, which reduces the coverage difference, and
consequently, the hydrogen adsorption effects on the segregation energy. Near 10° Pa, Oyjoq

decreases to T0.14 eV, which is higher than Oy at 1 Pa.
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Recently, Peng et al. [37] have reported the high activity of Pt diluted atoms embedded in the
surface of Ni nanocrystals toward the selective hydrogenation reaction of nitro compounds. The
reactions were conducted at low temperature (313 K) and hydrogen pressure as high as 1-3 bar,

conditions allowing the stabilization of single-atom Pt in the Pt/Ni SAAs.
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In contrast with nickel, single-atom Pt could not be found in the surface of Pd under hydrogen
pressure. Located in the bulk of Pd matrix under vacuum, it may remain stable for a wide range
of temperatures and hydrogen pressures, except for the Pd(1 1 0) surface. In this latter, single-
atom Pt is found to segregate toward the surface at a very narrow window of intermediate
temperature and pressure (around 10? - 10° Pa and 400 - 600 K). These results are in
contradiction with the recent published work of Zhang et al. [38] who reported the fabrication
of Pt/Pd SAA catalysts through an ALD method. According to these authors Pt atoms were
successfully deposited on Pd nanoparticles with (1 0 0) and (1 1 1) surfaces, respectively. The
as-prepared Pt/Pd SAA catalysts have been reported to exhibit much higher activities for
hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) than other types of
ALD-prepared Pd/Pt catalysts. However, despite the thorough characterization work (XANES,
EXAFS and XAS) showing the stabilization of such single-atom Pt in octahedral Pd
nanoparticle surfaces, no evidence of its stability in the surface under operating conditions was

given.

Single-atom Pt diluted in cobalt group host-metal surfaces

Under vacuum conditions, the segregation energies O;y,0f single-atom Pt in Co(0 0 0 1), Rh(1

11)and Ir(111) are predicted to be of -0.63 eV, -0.32 eV and -0.53 eV, respectively. These

negative values indicate the strong stability of Pt on the top surface of these alloys.
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Cobalt group

Pt/Co(0001) E.,.,(eV)

P (Pa)

0
200 400 60D 800 1000 1200
T(K}

Pt/Rh(111) Pt/Rh(100) Pt/Rh(110)

P (Pa)
P (Pa)
P (Pa)

10" 10"+ 10'
10'+—— 10' 4 10’
200 400 600 800 1000 1200 200 400 600 800 1000 1200 200 400 600 800 1000 1200
T(K) TK) T(K)
Pt/Ir(111) Pt/Ir(100) Pt/Ir(110)

P (Pa)
P (Pa)
P (Pay

10" 10" 10
200 400 600 800 1000 1200 200 400 800 1000 1200 200 400 600 800 1000 1200
I'(K) T(K) 1K)

"8 1\)R+)IC0,08!8/; ; "6!" 104018 1./,10  1021-#18,"5/.08IK.I/-12%1:.£01102.." 8 ; "4/ .%8"!
GAH/161PL ;8" --%8 " I6KH) 6, /=; (P*40 ) 104,17 0-+ (. IKE)) (+*;1-654%8,(1450 ) 100<*;+1=506 1"@00Ia " */ . !
5STIKOS5I@0! * 0-+-654%§ (010/:EH " (1) O-+-+*<; ("BBB2$1-654*& (105, (/+*+,0/!,-180/-, . (5(.1!

In Figure V.5, the contour plots of Oy evolutions of single-atom Pt in Pt/Co, Pt/Rh and Pt/Ir

SAA:s are presented. From a general point of view, the hydrogen pressure and temperature do
not seem to strongly alter the stability of Pt surface site. Except a very small window at very
low pressure (less than 102 Pa) and around 300 K where single-atom Pt in Rh(1 1 1) and Rh(1
0 0) seems to prefer bulk segregation, the single-atom Pt is predicted to remain stable on the

cobalt group metal surfaces. For Ir(1 0 0) and (1 1 0) surfaces, the surface segregation of Pt is
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predicted to be strongly favored for high temperature. The high stability of single-atom Pt in
cobalt group surfaces was recently demonstrated experimentally. Jiang et al. [39] have reported
single-atom Pt decorating nanoporous cobalt selenide as efficient electrocatalysts for HER.
Using Operando X-ray absorption spectroscopy technics, these authors show that single-atom
Pt significantly reduces energy barriers of water dissociation and improves

adsorption/desorption behavior of hydrogen.

To the best of our knowledge, no results are yet reported on single-atom Pt anchored in Rh or
Ir metallic supports. Here we present the evidence of the high stability of these SAAs under

hydrogen pressure and temperature conditions.

To compare the general behavior of single-atom Pt in all considered SAAs at the most common
working pressure, we report in Figure V.6, the typical segregation trends that change with
temperature under the hydrogen pressure of 10° Pa. Results obtained for lower pressures (100

Pa and 102 Pa) are reported in Figure SI-V-1.

Three classes of SAAs could be distinguished but not related to the position of the host metal
group in the periodic table. Exposed to hydrogen pressure, single-atom Pt anchored in Au and
Ag could not be stabilized in the surface and will segregate into the bulk. For Cu and Pd supports,
surface segregation of Pt could be optimum only for definite orientations and under specific
conditions. For Co, Rh, Ir and Ni, single-atom Pt is found to be stable on the surface in the
quasi-totality of the pressure and temperature ranges, with exception for Rh and Ni where Pt is
predicted to segregate into the bulk within a narrow window of low temperature and pressure.
In order to understand this puzzling behavior of single-atom Pt in these metal supports, we
analyzed the effect of hydrogen from binding energies and from electronic density of states

(DOSs).
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Figure V.7 represents in one graph, the binding energies of hydrogen on pure host metallic (1
1 1) surfaces (free from single-atom sites) and on single-atom Pt sites anchored on these

surfaces. The binding energy of hydrogen atom on pure Pt(1 1 1) surface is added for valuable

123



Chapter V

comparison. Two other graphs gathering computed hydrogen binding energies on (1 0 0) and

(1 1 0) surfaces are provided in Figure SI-V.2.
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Generally, the expected response to adsorbates is that the more reactive alloy component (i.e.,
the one interacting more strongly with the adsorbates) segregates to the surface [40-44].
Contrary to this simplistic picture, the results on the considered SAAs show more complex
behaviors. The results on Au(1 1 1) and Ag(1 1 1) surfaces, show that the most reactive
component with hydrogen, i.e. the single-atom Pt, segregates toward the bulk. Indeed, the
adsorption energy of hydrogen on Pt(1 1 1) is calculated to be of -0.62 eV while it is found to
be endothermic on Au and Ag surfaces. The analysis of local density of states in presence of
hydrogen (see Figure V.8) show that when single-atom Pt is located in the surface of Au(l 1
1) and Ag(1 1 1), its d-band is characterized by a pronounced narrow peak which lies below the

Fermi level. Interestingly, the calculation of d-band centers (Table S1-V.2) shows negligible
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shift between the 5d-band center of pure Pt(1 1 1) and single-atom Pt anchored in Au and Ag
surfaces. For these latter nearly filled 1B metals, the position of the d-band centers is found to
lie far away from the Fermi level in line with the calculated endothermic hydrogen binding
energies. Thus, the non-stability of single-atom Pt could be explained by the fact that highly
endothermic surface segregation under vacuum, could not be compensated by the mild binding
energy of hydrogen on single-atom Pt of -0.28 eV and -0.34 eV in Ag(1 1 1) and Au(111),

respectively.

The calculated binding energies of hydrogen on single-atom Pt in Cu(1 1 1) and Pd(1 1 1)
compared with host surfaces are found to be competitive (0.09 eV in favor of single-atom Pt
for the case of copper, and 0.08 eV in favor of host surface for the case of palladium). The
calculated d-band centers of single-atom Pt vs. host surfaces are found to lie in the same energy
ranges for the two systems, which is in agreement with the competitive binding energies. As
the surface segregation of single-atom Pt in Cu(1 1 1) is slightly favored under vacuum, the
better affinity of hydrogen toward Pt increases the stability of this latter under a wide range of
temperatures and pressures. In contrast, for Pd, the better affinity of hydrogen for Pd induces
the better stability of single-atom Pt in the bulk. For these two systems, the interplay between
adsorption-driven surface segregation and surface orientation are found to induce different

behaviors under reactive conditions.

125



Chapter V

Local density of state analysis of surface metallic atoms in presence of hydrogen
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The binding energies of hydrogen interacting with single-atom Pt in the metallic Ni(1 1 1) (-0.3
eV),Co(0001)(-0.19eV),Rh(111)(-0.32eV) and Ir(1 1 1) (-0.32 eV) surfaces are found to
be lower than on host surfaces (see graph in Figure V.7). These results are in agreement with
the calculated d-band centers of single-atom Pt found to lie much away from the Fermi level
than the d-band centers of host metals. Despite the lower reactivity of single-atom Pt toward
hydrogen, it is found to be stable on the surface because of its highly exothermic surface
segregation under vacuum. These identified single-atom properties (high stability under
hydrogen pressure and temperature and lower interaction with hydrogen) may be of great

interest for specific catalytic reactions.

JPL,) Wik 4858)(7<<=$C)

In this section, we clearly demonstrated that the stability of dilute-atom Pt in Pt-based SAAs is
changing under reactive conditions. Using the environmental segregation model, we provided

a valuable picture of the surface stability of single-atom Pt within various metal-host surfaces
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under different hydrogen pressures and temperatures. Three classes of SAAs could be

distinguished:

i) The Au and Ag surfaces, in which single-atom Pt exposed to hydrogen pressure could

not be found because it will prefer to segregate into the bulk,

i) Copper and palladium supports, where the surface segregation of single-atom Pt
could be optimum only for definite orientations (Cu(1 1 1) and Cu(1 1 0) for Pt/Cu and

Pd(1 1 0) for Pt/Pd) and under specific hydrogen pressures and temperatures,

iii) Co, Rh, Ir and Ni supports in which single-atom Pt could remain stable on the surface
within the quasi-totality of the pressure and temperature ranges studied (200 -1200 K

and 1 - 10° Pa)

These results are in contrast with the intuitive image in which the more reactive alloy
component (i.e., the one interacting strongly with the adsorbates) segregates to the surface. The
reality is that the chemistry of diluted single-atom Pt is completely different from what is known
from the extended surfaces and from clusters and nanoparticle. Its stability on the surface is an
interplay between different properties and depends either on its modified electronic structure
within the host material, its geometric ensemble (surface orientation) and its (new) affinity (as

a single atom) with the reactive gas.
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In order to go further in our understanding of the Pt-based bimetallic systems, we decided to
study the opposite extreme diluted system of Pt/M (M = Cu, Ag, Au, Ni, Pd, Co, Rh, Ir) alloys,
i.e., the earlier named fidiluted M/Pt alloyso system of which the atoms fiM0 are diluted in Pt-

host surfaces. The questions that we wanted to answer are:

(i) How a given single transition-metal atom M may behave in the Pt surfaces and what are the

ranges of temperature and hydrogen pressure allowing its stability in the Pt surfaces,

(if) How a single-atom M may affect the Pt-host surface atoms and their binding with hydrogen.

To answer these questions, the environmental segregation model was applied to map the
evolution of segregation energies of single atoms M for the pressure range of 1 - 108 Pa and the
temperature range of 200 -1200 K, and binding energies as well as electronic structures were

computed and analyzed on the different considered M/Pt surfaces.

LIY2-) WB&; hL=45<<)O)68: 74%6)88)AALO5 (4) (7$t=""%()

Figures V.9, V.10 and V.11 represent the mapped M single-atoms from coinage, nickel and
cobalt groups diluted into Pt-host surfaces, respectively. These results show monotonic
evolutions in all the three considered orientation Pt(1 1 1), Pt(1 0 0) and Pt(1 1 0), where the
Ogioq values decrease with increasing temperature and/or reducing hydrogen pressure.
Interestingly, when analyzing the colored maps, we can see that the segregation behaviors of
M diluted in Pt-host surfaces are not intuitive and are not, as it may be expected, simply a
reversed segregation behavior of Pt in M-host surfaces. More precisely, if for a given range of
pressure and temperature, Pt single-atom is not stable in the surface of M, reversibly the M

single-atom is not systematically stable in Pt-host surface. As it will be detailed in the following
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section, the segregation behavior of single M atoms is much more complex and cannot be

predicted without calculations.

M single atoms from coinage group diluted in Pt-host surfaces
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Under vacuum conditions, the segregation energies of Cu-single atoms are calculated to be
Ofn =0.42eVin Pt(11 1), Oggp =0.21 eV in Pt(1 0 0) and Ojqq =-0.24 eV in Pt(1 1 0). These
values predict the strong stability of Cu in the bulk of Pt(1 1 1) and (1 0 0) and a surface stability

in the upper layer of the more open (1 1 0) surface. In presence of hydrogen pressure, the
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mapped segregation energies show that Cu-single atom remains stable in the bulk of Pt(1 1 1)
and (1 0 0) surfaces. This is based on the contour diagram which shows that the bulk-segregation
trend of Cu increases from weak (aqua) in Pt(1 0 0) and strong (light-blue) in Pt(1 1 1) to very
strong (dark-blue) with decreasing temperature and/or increasing hydrogen pressure. When
diluted in Pt(1 1 0) surface, the Cu stability can be reversed from weak surface-segregation
(light-yellow) into strong bulk-segregation (light-blue) with decreasing temperature and/or
increasing hydrogen pressure. These results indicate that for moderate and high hydrogen
pressure (10*-108 Pa) conditions, the probability to find single Cu-atoms in the surface of Pt

NPs is inexistent.

Considering the Ag/Pt and Au/Pt systems, under vacuum and at high temperature and low
hydrogen pressures, single Ag and Au atoms are found to be stable in the surface of Pt (red,
orange and yellow regions). This stability is lowered with increasing pressure and decreasing
temperature. For temperature lower than 500 K and pressure varied from 1 to 10° Pa, the Ag
and the Au single atoms are likely to be found in the bulk of Pt (1 1 1) and (1 0 0) surface. An
exception is found for Ag in the surface of Pt(1 1 0) where the mapped surface segregation
indicates a favorable surface segregation. From these results, one can extrapolate that under
hydrogen pressure, single Ag atoms anchored in Pt NPs can be located at the edge sites while
(100)and (1 1 1) facets remain free from Ag. This is in line with Gordon and Joness
experimental observations [45] reporting that on dilute-Ag/Pt system, low-levels of Ag atoms
doping in the Pt-NP surface can promote C2H2 to C2Ha4 hydrogenation under excess H: at
reaction temperatures from 373 to 673 K. For Au single atom, the mapped surface segregation
indicates slight stability on the three surface orientations of Pt, and this stability increases with
increasing temperature. This result also corroborates with XPS analysis of Wang et al. [46],

who showed that for the initially iPt-richo Pt-Au NP (PtsoAuzo), after the treatment under H: at
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520 K, the surface content of Pt atoms is reduced (Pt77zAuz3), and when increasing temperature

to 620 K, the Au atoms are enriched in surface of NP (Pts1.0AuU3s.1).

M single atoms from nickel group diluted in Pt-host surfaces

Nickel group
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In contrast with the non-monotonic evolution of Pt-single atom in Ni host surfaces (see Figure

V.3), the single-atoms Ni in the Pt-host surfaces (Figure V.10) is found to prefer the bulk for

all investigated temperature and pressure ranges. The mapped Og;qq is found to be very similar

to the previous dilute-Cu/Pt system in all 3 orientations. It is stable in bulk-segregation for all

investigated temperature and hydrogen pressure ranges in Pt(1 1 1) and Pt(1 0 0) host surfaces

and surface-segregation occurs for high temperature (higher than 800 K) and low hydrogen

pressure (lower than 100 Pa) window of Pt(1 1 0) host surface. The similarity of the two bulk-

segregation behaviors of Cu and Ni in Pt-host surfaces may be linked to the smaller atomic

radius (128 pm for Cu and 125 pm for Ni) compared to Pt (139 pm). Moreover, the smaller
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cohesive energies [47] of Cu (3.49 eV/atom) and Ni (4.44 eV/atom) compared to Pt (5.84
eV/atom), as well as the lower surface energy [48] of Ni (1.25 J/m?) and Cu (1.28 J/m?) over Pt
(1.39 J/m?), both favor the bulk-segregation of Cu and Ni, whereby they will have reduced

strain effects and higher coordination [49].

Like under vacuum, single-atom Pd anchored in Pt (1 1 1) surface (Ojqq = 0.049 eV) shows

bulk-segregation preference in presence of hydrogen. The weak surface-segregation energies

calculated in Pt(1 0 0) (Ojpq = -0.12 eV) and Pt(1 1 0) (Ojqq = -0.20 eV) surfaces (correspond

to the yellow regions), change to bulk-segregation in presence of hydrogen. These results also

show the weak probability to find single Pd atoms in the surface of Pt-NPs exposed to hydrogen.

M single atoms from cobalt group diluted in Pt-host surfaces

Under vacuum, the single-atom Co shows strong, very strong and weak bulk-stability in Pt(1 1

1) (Oggg = 0.63 eV), Pt(1 0 0) (Oggn = 1.01 eV) and Pt(1 1 0) (O¢oq = 0.058 eV) host surfaces,

respectively. In Figure V.11, when exposed to hydrogen environment, the tendency of Co

segregating into the bulk-geometry is enhanced in all 3 investigated orientations.
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Cobalt group
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Same as dilute-Co/Pt alloys, in vacuum condition, the single-atom Rh and Ir are both found to
be more stable in bulk-geometry than in surface-geometry when diluted into Pt(1 1 1), Pt(1 0 0)
and Pt(1 1 0). These predicted behaviors of the bulk segregation tendency of M single atoms
from cobalt group in Pt corroborate with several reported experimental studies [50-51] of under
vacuum observations. Unfortunately, no results exist under hydrogen pressure which makes our

exploratory results very useful.
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In order to understand the monitoring effect of the segregation of single M atom in Pt surface,
we analyze the energetic structure of the systems through the binding energy calculations. In
Table V.1 are depicted the binding energies of hydrogen interacting with single-M atoms
anchored in Pt(1 1 1) host surfaces. Additionally, to evaluate how single-M atoms affect their
neighboring Pt atoms, the hydrogen binding energies on the neighboring Pt (with M free from
hydrogen) are also calculated (see histogram presentation in Figure V.12). Binding energies of
atomic hydrogen on pure Pt and M(1 1 1) surfaces are also included for comparisons. Two other
tables and graphs gathering same calculated binding energy information for (1 0 0) and (1 1 0)
surfaces are provided in Figure SI-V.4 and Figure SI1-V.5.
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The results reveal that among all the considered systems, only in the case of Ir/Pt(1 1 1)
hydrogen shows a stronger affinity to the single atom than to the host surface. Thus, the
hydrogen is found to strongly bound to single-atom Ir with 60 = -0.79 eV while the
binding energy on neighboring Pt atoms is predicted to be of 0.11 eV lower. Surprisingly,
except for the case of Co, the binding energies of hydrogen interacting with host Pt atoms
(neighbors of anchored M-single atom) are found to not be affected by the presence of M-single
atom neighbors. Compared to Pt(1 1 1) surface (-0.7 eV), the binding energies on M-single
atoms vary by + 0.07 and -0.02 eV. For the case of Rh/Pt(1 1 1), the hydrogen affinity to the Pt

is more pronounced (BE = 0.77 eV). Despite the strong affinity of hydrogen to Ir and as it was
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discussed in the previous section, this latter still prefers to be in the bulk and does not segregate
to the surface. For the case of M single-atoms from the coinage group (Cu, Ag and Au), they
all show unfavorable binding energies (positive values or in case of Au/Pt(1 1 0), negligible
negative value (-0.01 eV)). For Cu/ Pt(1 1 1) surface, the bulk-segregation trends of single-atom
Cu under vacuum is in line with its calculated endothermic hydrogen binding energy.
Nevertheless, with endothermic binding to hydrogen, Au and Ag single atoms still present
strong surface-segregation preference in Pt surfaces (Figure V.9). This confirms the previously
discussed ficounterintuitived image and shows again, that the simple consideration of the
affinity of one of the alloy components to the adsorbed gas phase cannot allow predicting the
surface segregation or surface enrichment. The segregation of alloy components under reactive
conditions will depend on many interplaying factors as the interfacial surface energies, the

cohesive energies, the atomic radiuses, the surface orientations, etc.

LIY2,) Wik 4858)(7<<=$C)

To recap, for the studied M/Pt surface alloys, in which the M-single atoms are anchored in

different Pt-host surfaces, it can be concluded that:

(i) M/Ptwith M from the cobalt group, i.e. (M= Co, Rh and Ir), cannot present stable M single-
atoms in the surface. This is true whatever the Pt orientation surface and applied temperature

and hydrogen pressure.

(i) Single atom Pd in Pt (1 0 0), Pt(1 1 0) surface and single atom Ni in Pt(1 1 0) are found to
be stable at the surface at high-T and low-P window. With decreasing T and/or increasing P
(corresponding to the increase of hydrogen coverage) single-atoms are predicted to segregate

from the surface to the bulk.
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(iii) Among all investigated metals, possible favorable surface segregation and stability on the
Pt surface are found for Ag and Au. These single atoms may be stable in all Pt surface
orientations at high temperature and/or low hydrogen pressure range. However, this surface-

segregation preference may be weakened with decreasing T and/or increasing P.
/) E5&":7(858)

In this chapter, using the environmental segregation model, the evolution of the segregation
behavior of several Pt-based alloy systems under various temperatures (T: 200 -1200 K) and
hydrogen gas pressures (P:1 - 10° Pa) were investigated. We focused on the two diluted limits
of these alloyed systems, the Pt atom diluted in metallic host surfaces and metallic atoms diluted

in Pt host surfaces.

We started by studying the Pt as a single-atom diluted in 8 selected transition metal (M)
surfaces (M = Cu, Ag, Au, Ni, Pd, Co, Rh, Ir). Several of these systems anchoring and named
as Pt single atom alloy (SAAs) catalysts have been found to exhibit superior catalytic activity.
Three classes of SAAs could be distinguished: i) The Au and Ag surfaces, in which single-atom
Pt exposed to hydrogen pressure could not be found because this latter will prefer to segregate
into the bulk; ii) Copper and palladium supports, where the surface segregation of single-atom
Pt could be optimum only for definite orientations (Cu(1 1 1) and Cu(1 1 0) for Pt/Cu and Pd(1
1 0) for Pt/Pd) and under specific hydrogen pressures and temperatures; iii) Co, Rh, Ir and Ni
supports in which single-atom Pt could remain stable in the surface within the quasi-totality of

the pressure and temperature ranges studied.

Then, we considered Pt as a host surface of M single-atoms (M = Cu, Ag, Au, Ni, Pd, Co, Rh,

Ir ) and we studied their segregation behaviors for the same range of temperature and hydrogen
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pressure than previously. For these systems, only Ag and Au single atom Pt are found to
segregate toward the surface of Pt under hydrogen. These results show how the segregation
behavior in presence of reactive gas is a complex process happening in bimetallic alloys. The
simplistic picture in which the response to adsorbates is that the more reactive alloy component
(i.e., the one interacting strongly with the adsorbates) segregates to the surface, may induce
erroneous interpretations. The reality is that the chemistry of diluted single atom Pt is
completely different from what is known from the extended surfaces and from clusters and
nanoparticle. Its stability in the surface is an interplay between different properties and depends
either on its modified electronic structure within the host material, its geometric ensemble

(surface orientation) and its affinity to the reactive gas.

139



Chapter V

1 AU, " %)

" U4(4)\-03424K"H , 3%2Z4) <%2: X141 , &-5(4)%#U"EL"F# 1 -8 842U "FiH %64 ) \2%4 24 G "t H"F
L062(Z00W [ P FEL.A) (5 --2<H T T +A(" ;)4 %:# - L52:-04 GU/E , -4/ (4 %2 L.4-8EB4:%28") ;"%
1"#8%" $t-00. " G(C#1@106 1 @ IN"

Dk P/2'-Z0%5%R"FU%503424H U H[ 4d 484G i+ "HEA" (#S"IG"HE-d. %) T [ "HU-\424G"4S"F

T'42)4/*% 1 "#E"HKE/ . N-)"6L.493-) %OUS&e(*H "HL/Z4(*4S"t , "4 (%h-.4<tH4.-84G . %8tR4%84.2' (8- (¢
—#L.2-.4; /4: %24 4840. WAk 1 4.42%; 4) A%5 (4 1 /<2%;4)-."%) ("#1"#$%" $&*+-**DDF*1DC@6 1 D1D"4

0%  T-UHK'FR2-((tH"S'H]3-) % "FUS.03424+" 1S HS4) - ([ HS HE'SH 'R , 35) T4 [ P
H5)*U" L B L-4842%)* H'FL%S%2b-" R"$ G ¢ $4-0."%) 6+2"W4 )¢ $4(.250.52") ; £%:¢$36><t - ) <t> .6
><t, 2461346881 -)%9-2." 064 ("4 1 "HS%" "S> ++ 4D " "*#@OD6@AOM "¢

M4 H5% $' T'F R5%*% ~"f R"F K5* C"F U-%*" ~ " 1™ X (0'8-."%)# %:# L52:-04% L.250.524% - ) <#
$4-0."W"./8%:4>. LU 84.-8'0f , -.-6/ (.(#d". 3t BA<UY#T24-.84) . (#- .te-2"-\4 T48942- 524 ("tH*$&
16C<%, -46%=*514", -4) *$-+#1;<50) i*+--*#22F4DCN@C6DCNAN"#

N4 e4)<ANUM L' U™ 4.4 -0 e (5-0""-."%)# %:# X(0"8-.%2/% U43-W'%52% %:4 >4 1-)%9-2." 064 (#
L= (), XEXY'<="0)" ">, ;C<$h =, ;$<t, -10*+-/*2D*AAM6A@C"t

2" G38-<"#H"r#, 5", "HH"(.2/* 1 "HL.2-((42'>"F , 54) /-4#U"B"™t, -2\%)#H%) %Y <467)<504<#
L.-\'¢"./8-)<iG.%8'0iL4;24; -."%)#>34)%84) -#)#L.3-946L.4640.4<#X0.-34<2-4#>. 1 "¥1 - ) %9-2." 064 ("4
?) 1>, %6t +-R¥ (1 C?A?61C20M"

B R4/ ['FEH-W2'Z-Z" (4 H™ GUl/4 , - -8/ (((+4(" ;) <t : %8 K'2(4>2") 0"9%4("t >, ;C<$
z, 8<t, -1 ++ /DA TCOA TNt

At G)<A2(W)HPU[F , -Mdbe-4AK FEBI( (84 (B[R , 3%2Z4) <U2: TG <(%29.'%) 6+2"W4)#
L52:-044L4; 24 - %) #96:£. 34EA( (1$4-0."WHGHN/E , hBI%)4) "1 6C<%, -16%; *$AP+$<k" , E) *$+4" , -4
16"4$;50*++0%2D2*DMCM6DMCB"¢

(0K H4) ;% ['F]35% Ut SHR-%" " L52:-04# , %89%("."%)# SWoE5. % )4 %:# U’ 84. -840 Gad%/ (¢
5)<42%$4-0."%)#, %)<"."%) ("tH*$16C<% , -46%="*514", -4) *$+#1;<5¢) 4*+-0*2 " D*DADM 1 6DADMB"#
ICH  V-);%C'H]35%U'HT 464) (HK'HT 03" 4+ "HR54(8 ™ 1 "#H-99") ; #L.52:-04¢L4 ;24 ; -."% ) #h:#
L") ;846G %84 > ¢+ (942(4<t ")t HE L52:-04(F iH# Ft , 5% G ;% G5 1™ >< , 0 $3¢ -)<é 12j4 5) <42
1 /<2%;4)4>24((524i- fe-2" W5 ({TAB942- 524("4PT7-4$841C<, "$h1 490" $i*+*-HFE3"

1% P4 R'FE 1 -)42% [ G\ET)". "0 HUGA058-2¢ +/)-8'0(¢ %2t E'Q5'<é H4.4- (" =*51¢", -A
- $/4306J6-00 , HEG*¥NNAGN?1"#

1D Ut%03e>"1S"H[49(4)*X"HG)<42(4) X "#P "1 8920W4<iT4.2-34<2%) #H 4. 3%<i: %282 46%5 ") 6
1%)47) .4;2- ") (4=*51" , -4 . $/4$04Jt-00/*E (*#12DD06! 2D00"¢

10, 3-(4MH"\"Fi+-W'4(* , "G "HPB ™ +"#[ K252 9% +"H[ "FH 0+%) -4<* B #G"HL/WA25<4G"$ 1"
1'(.6[-)-:4T3428%0348"0- 4 T-\e4("47) >, 7VEZ[ . % , ML, \N6 /241 0@

N 1-))-;-)% % TR R'-))-Z-Z" (% R'F K&/ A=) "6L.493-)HOUS6( H'F L/ZA(E S , " 1™
L") ;846G.%8iGuN/ % , -8/ ("("H) *$+HE", -4 . $/4SOLL*+*+42 " @*# 1 DCMM6 1 DCAA'Y

INt  ESMU%]'HE'SHCtH'H , 34)%L"t\V"#Si40.2%0-.-4/ (" (#%:4L") ;446G.%84L".4(H#789-0. (#%:#
G.%8'04, %%h2<")-."%)"4?) 1) ,;,-5LELE*+*+*20**BNAMOB? 1A't

1% ]3-) ;M HTRK-) L RIS 1™$B404) £G<W-)04(E")L") ;846G %8¢ , -.-4/ (. (¢ %2
, XEXY'<-"%)") ,;,-D1H#1k . $/4801S1 "1 $%" B , %84 %NHISS<HING™+*+* 1 6MD"#

1B +-48-)41L"F, -9<4W'§-6, %2.-<-*#H"HE%94M1"*4+/) -804 , 3-2; 44-)<iXY'<-."%)4L.-.4%
%:8>.a, 4XDEL") ;446G %84, -.-4/ (.("4>,;C<$h = , ;$<#, -10*+-0%23%1DIN6IDD 1"

TA  +4FB'.-HE"™$4.4-8"L.250.52-8 SW%E5. %) #%:¢ G.%8"0-48/# +"(942(4<t> 4 , -. -8/ (.(#+'0.-.4(¢
$4-0."W'./ ">, ;C<$Bh = , ;$<t, -16*+-0"23*BM?6BN 1 "4

10%  +5%["tK'FH4) ;%['HE™ ~ "t "H] 354U S'HR-%*% "tH56."(0-044G.%8"(.'0tL"85¢8-."%) #%:#
H4.-41-)%9-2." 084 (:5) <42\ %2Z") 34, %) <"."%) ("4, 61" , -$1 28/ , %" $14*+-0%24DMBAGDMAM'S

140


https://janaf.nist.gov/

Chapter V

DCY%  T-);% "HG(UZ-)*, "R  5¥H'FHR2-3-8HRYV/ H>-)4 " F , 32" (%93424>"HE['FHL-5.4.4
S™B3HL") ;MG B (H6) T XDi+/)-8"0- /iS4 (%) < WiB4-0."0)¢ , %)<'."%) (\/4G<-9.") ;§T 3424
L. 4"%> , :C<BE) 6++COt" | ;460 16*+-0420 MMAA"E

DI \/-);HC'HT'03' H+"HHA5) 42K HR54(8 ™ 1", B\ ") A<i+2":. (#-) <#+KTHL.5</#h:t , Xt
G<(%29."h)#-)<HLA; 24 ; - W) HU<A(H )#>. 6L )L - ) Yo-8a/ ("EH*SLI 6C<Hh, BU=*51E" , ) *$+H1;<50)
* 4% 442 " E400BA6EOAQ"

DD >-27") () HR'IL'FELIW. ) /4] 'HG2; 4) A2HR L3S <HH Fi> -WARAOH[ TP (- ZHSB AU -3-4
S+ ANR<H =" | ~2\I)EH )Y <4B7) <504<EG<- WSEL").42") ;4 )~£><BKAOXMEH <A | - -4/ ("¢
>,;C<$hz ,;$<H, -Li*+- , 2" #BDM6BDA"

DOY  E'GHE", T, 28 -G 4SWUhLS. "00) 90:47 (- 4<IG U (¢-) <t , 5 (LA2(E)E , -.~8/ ( ("$H<$USLisHhk
) *§HL; <5l + x4 HOAOBMCCS

DM +3":~-3HH"F-+ 305" \HG FHGI<5H-"D- ) L K+ HR54(8 " 1 "#K"2(.6>2") 0" Qb4 (AL..5</4
%:¢G56 , SHGU/ELE2:-04¢ , 3-) ; 4(FT) <504<EN/ER-(EG<(%29. ") #%h:# , X*# Lo4#%24 X D"t H*$k16C<%, -4
BU) *$+#", k=514 1*+-SH2EFCDMBC1 "

DN [5-24"K'FELoE<-) R FEL-) (S FER54(S " 1 "FHT"444) (HK'FH ") AW-4T"*47) . 42-0. %) %4
1/<2;4)¢ d'.3¢ G5¢ HU<":"4<t \/# ><t )<t $3 ')t e'4dlt %:# S440.2%60348"0-& G9I9%'0-."%) ("4
)6+7C;, 60+ SHE"

D' X 5METH, "B HDAW-% T, 2454 ['F R54(8™ 1™ SQ5'¢"\2'584 G5i ><i 1 CCjt L52:-044
L.250.524(4 5) <42t , Xt >24((524% S)42; 4.0 L.-\N'§"."4(¢ =)<t >3- (4t +'-;2-8("t H*$& 16C<h, - 6%
=*E1H" ) *$+H1<BE) - 2" "#1AQDD6 ! AGOD"S

DB  E'SML'F]3-UH]'6['F_-) ;% , "H]3-4L"14/8-) 4P HH'HL. 5< 4K'HRY) ; #[ 4G < (%29.%)}
>04:408) 04+4.428") 4(1LA; 24 - W) 4+"240. ") HGHL3%2.05.4 It HU244B 48" (."08L52: 044 H %< A (1h:4
G/t , -.~8/ (.(42) 10) ,;,-5LEL+-0#C4NCT 1GNC A

DAY $-Ut P P'F +pt C" P'F >3-8% PR H-". "™ +'F R2-\obd* E" , " SY.4)<-\id# H-03")4¢
E4-2)") ;HHY<A6: 0628348 .-\ 8" /86:5L") 044G hSHGHN/ (HHETH" LHAL) , ;, -51ALE*+*+4KDHBDAGBM 1
DE"  T/(W)4\V/ S FH WA\ G L 52: -044K24465) 42; "A(#%: HLYE" <tH 4.4 (464 S (. B-. ") #: 2% S
E'Q5'<tL52:-046T4) ("%)tH4-(52484) . ("#1C<Y, "$i1 "4$% " $i-01 14K "¥D?B6DB?"

0C"  T2-)H$'H ™ 5H]'HS$-<3-22'(3)-)HU'FEV/ ") () H+"FELE) N/ "H>42( (%) PG FEX) ;L b>"
L52:-044S)42; ' A(#h:ESIABA) .~ , 2/ (-4("#1"$SW:48 1], ;, P*+-SHDH#1 2CCAC™

o1 E500™ K't $'F E'5% ['F H-20")Z%d (2" H" +'F =) ;% H'F Gl-2< E"# K'F¥ K&/ .A-)'6

L.493-)%OUSh(* H'FE L/ZA( S"s , " LAR0. WA# 1 /<% 4)-."%)#%:# 106US.-<'4) 4 %)# >i-.") 586

, QOGNS (- £.346L") ; 446G HSHE" 8" ">, :C<SL) 6+-+CUt" | 46U LE*+—RHKHANNC'S

0D L'SW)WW' (4 [t >"F 15).4 G'F LAY-)-/-Z4% L' +"F \/-45/%H% 7" L5\ 44 - )<t SAN42("\4d#
7).42-0."%) (:%:¢ GB\'4) . >24((524¢ 1 D¢dl'.3¢>.2, 5i 1 1 1jEL") ;446G %S Gillh/¢ L52:-04("# 1C<9, "t
90" S+ ~0HKG (DCBED 1 0"

00%  E'SH['HES00™K'S'T -) ;#HHEA4HL HH-20") Z%d (Z"#H "+ T 342" 4)HG TN/ 1’ -8 (*
JHT'RL/ZACHS' , "FEKE/ A=) "6L.493-)HOUSRh (4 H"S T-0Z4") ;£ , XEU' (%)) ;#d".34L") ;446G %S¢
GU/ , -.-8/ (.("16C<%, -46%; *$hP+$<t" , Uh) *$-+4", -41 6"4%:50+-S42D342007262000"¢

OM  H-20")Z%d (Z'#H"#+"HE SH[FH5293/% , "{['HE"2"- )0 H"HE ROV - ("L "G "HE 500" 4K B Pt
K&/ ."-)"6L.493-) hOUSIb(HH FEL/ZA(S" , "¢ 1 4L 4840, WAEK 2 8" 04GO' <t+43/<2%; 4) - . ") %) #>.6

, 5EL") ;446G %SIGUN/ (42D 18) , ;, -BLELE*+- 1HGHMI0BMDC'S

ON' — H=-20")Z%d (2" H" +"F +-2\/* H"# TR E'5% ['F \/" 8\ed*# ['# H'F# E5S00" K¢ $'F¢ E44% LRt
H'03-44"<4(*G"HK8/ A=) "6L.493- ) hOUSRh (¥ HFIL .- 8-.-Z" (HH'FL/ZA(4S"s , " 1 ">, 5EL") ;446

G.USIGHUI/ (- (¢, UZA6BA(" (=) £, -~/ ((EU2AS::0'4) 4, 6 1HGO. W-."h)"E> , ;C<BE) *$+41; <51+ .4
2@*ODN600D"

07" L5)MR™44-1"U24-2") ;4.344L0-1") ;5 $4h-."%) (3'9f €' -# T 3428 -4/ L.-\idt>.a, 5EL") ; 44t
G.hSIGUNS (1062, -. -8/ . O8+43/ <03 4) - "h)"> , ;C<$E) 6-++CUt" , #6%LE%+- _ HCHMMNM'S

141



Chapter V

OB >4) ;% "44-4"> 4" ;044G . %8 (1S8\4<<4<t ) 4. 34 52: -04#%:41. "#1.-) %02/ (.-4(t-(# 1 ' ; 38/#
GO."Wdt , -. -8/ (. (#:%2% LA840." WA 1 /<2%;4)-."%)#%:¢ 1" .2%¢ , %89%5)<("f >, %64 LS;;$<1h *+- . ¥ 234
OBANGOB@!"#

OA  3-);ME™H4.i-4">.a><iL") ;846G . %8iGH%/ (- (£ 1 '; 36/4G0. " W4iSE40.2%0348"0-8 , -.-4/ (. (¢
) <£.34EX2"; ) #%:4S) 3-)04<iGO. W' ./42) 1) , ; , -51416*+-0* (*4@ONCEQONA"

00" ['-);4P'HE'S%HURESWH"L") ;¥L'H>4) ;H"H]3-%% "HES*% "#PB'F, 3-)T L F+4
R2%. %K tH"$SK"HT-)* L") ; 44i>8-.") 584G %8 (IS8 \4<<4<t" )41 -)%9%2%5(# , %\-4.8L.484) "<di- (¢
S640.2%0- . -8/ (4:%24G004842-.") ;£ 1 /<% ; 4)4SW%8E5. %) #$54-0."%) "t> , ;C<$8) 6++Clt" , ;#6%14*+-0%
2@*1BMO"

MC%  L35%['FU%);%)<%U"tS"tV'HR2-)<bd-)4#U"t>"H G HG<)%. ¥ G HP-4'-;5") 4L "L 52:-04¢
L4;24;-."%)4%:#><6G;# HAB\2-)4 (1 =9%)# 1 /<2%;4)#>4284-."%)"t 1C<9, "$h 1"#$%""$4 -00, * * (2%
1D@6TOA"

M, 32" (%::42(4) S FAL Y6k N> L g2 (ZUWH[ 4P ™ H%) 4% , -200%¢L " 85¢8-."%) (#%:4G<(%29."%) 6
7)<504<#L4;24;-."%)"#1C<9, "L "#$%" $i*++**4F@F4DCCOD IM"4

MD"#  R%)"o&d™ L' 14/8-)* P"# H"F L3-"Z35.<") %W L"Fs K245)<* 1"6['H T8é-(*# K™ X)# .344
Promoting Role of Ag in Selective Hydrogenation Reactions over PdATAg Bimetallic Catalysts: #
GHT34%24."0-4L .5</"tH*$L16C<% , -46%=>51#", ) *$+#1;<50) i*++1*4222*?ANDE?2AN?"#

MO%  R54(8™ 1™t T34%24."0-8 T)(*;3.(# %)# .34¢ S::40.4 %:# $4-0."W4# R-(4 %)# .34¢ , 348'0-¢¢
X2<42") ; % #RWE<6U - (A<t G/ ("$W6-8LIC--$;#%4*+- , *EK*#D 106D 1 @"%

MM | 35% U'H , 245744 [ H%..4.% , "F E4;2-) < U"Ft R54(8" 1™ , X# G<(%29."%)67)<504<4
L52:-044L4;24;-."%)# =)<t KW28-."%)# %:# ><t , 3-") (%) G59<i I CCjt G/ ¥ +4) ("./£K5)0."%) -8
T34%2/8U-(4<#1(") ; #H%<4dt-) <tH%) .44, -20%6L " 854-."%) ("tH*$el 6C<% , -46%=*514" , -4) *$+#1;<50) &
*+-SH2 " @*#ONC60ON@"#

MN"#  [%)4(HE", "HUS2- (] "HR%2<%)*#H"$["*4>-2."-& 1 /<2%;4)-."%)#%:# , D 1 D% )G ; 6+%94<t> 4
1-)%9-2."084("tH*$L16C<% , -46%U=*51#" , -£) *$+#1;<50) d*+-**422K*# 1 DAADE I DOAA"

M2t E'S5%,"t\V'H\VA™ "t "H\V-) 4P\ >%8%. %) 1% 4 , 42" -6H%<":"4<#>.6G5a , # , -.3%<44
» =0 (8 %2 XY/ ;4)8 $4<50."%)# $4-0."%)4 \/# 1D67)<504<¢ L52:-04% L4;24;-."%)"t ) *$+4", -4
) 6++ChE", ;#6%14*+-+*4EK*¥DMAOGDMAN"#

MB  P'..4&%, "HHOS54)*%>"H[%3)*\V/"FL%) (*#B%;<68C";#6%;6416-4841 ; , ; $="514"14DCIN"#

MA"  L-) (-4 H"FE+3%5 "\ G FER54(8 " 1 "+4) ("./:K5)0."%) -4 T34%2/£L.5</t%:# , X67)<504<t
L4;24;-."%)4")tR%4<6U- (4<tGado%/ ("tH*$416C<% , -46%) *$+4" , -4=*51#"14*+- /*42E2*C?MBC@"4

M@%  RUSE<HG"HE'H D 4-2<*, "t["HEYD; (<-"@4G"#['FH, -.&%d* , 15" L4;24;-."%)#S::40.(%)4.344
>2%942."4(#0:#1G5-; ji 1jiMjiBj"t=*514" , -4) *$+41;<50) *$+4" , -4="514"14*+-/*2K*D I CM@6D 1 C? 1 "4
NC%  V'&'-8(KHYE"HLA(%)¥R" , "#L52:-04% , %8%("."%)#%:4>.aB 3t Gt/ ("¢ 277-#", ;#6%1L6%
1C<9, "$61"4$%" $t-010*D*MC@6M IN"#

NIt e-)i+d4: MK, "HH"["tH "He - )IE-) ; AWM<HG"t+"F1 '45d4) 35/ (MU ST 3HT 48942 5244
+494)<4)0e of the Surface Composition of PtTRh Alloys. 1C<9,"$ 1"#$%"$ -0. 1% 23(S2(@*
11ID@6! 1OM'#

142



Summary and General Conclusions

Summary and General Conclusions

This thesis manuscript reports a part of my research work that | performed during the last three
years. The focus is the description and the prediction of the surface active sites of TMC formed
by NPs evolving under reactive conditions. Indeed, thanks to the experimental developments
of characterization and observation methods we know that many NP catalysts undergo drastic
morphological and symmetry transformations during reactions. These structural changes may
affect their catalytic properties (activity and selectivity) and their lifetime. However, in spite
of the great progress of these experimental techniques, the identification of the active working
sites at the atomic-level and the understanding of the elementary mechanisms occurring on
these sites are still missing for many catalytic systems. Nowadays, thanks to the powerful
development of computational resources, theoretical methods, and more particularly DFT,
stands as the key technic for elucidating the surface state of materials and their physico-
chemical properties. However, DFT is a zero-temperature method where investigations are
generally performed on fistatico crystal or surface models with minimum number of molecular
adsorbates. By consequence, although important for a general understanding, this approach

alone cannot accurately predict the catalytic systems at working pressure and temperature.

During my thesis, | tried to apply theoretical approaches that go beyond the 0 K temperature
and very low pressure. The choice was always dictated by the targeted properties and an
interplay between accuracy and limitation of the method has to be taken into account. Thus,
firstly, I studied the morphological changes of Pt and Au NP catalysts under varied hydrogen
pressure and temperature and | performed two different approaches. For Pt-NPs larger than 5
nm, MSR model was applied, by combining DFT with thermodynamics to calculate the
evolution of interfacial energy as a function of T and P. Then geometric construction of the Pt-

NPs was obtained using Wulff construction. | learned this method thanks to a visiting program
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in Shanghai (Cai Yuanpei) that allowed me to spend several weeks in the group of Gao and Zhu
who developed this model. The results of MSR provide equilibrium Pt-NP shapes for a large
range of temperature and hydrogen pressure and show shape evolutions that concord well with
the experimentally observed ones (Paper under preparation). Then, to study the dynamic
changes of small-sized Pt-NPs, we performed AIMD simulations of TOh Pt-NP of 201 atoms
(~1.8 nm) covered by hydrogen and we followed the configurational trajectory of the system at
T =500 K for simulation time up to 30-ps. The results show that the chemisorbed hydrogen has
no effect on the morphology of small Pt-NPs. Surprisingly, contrasting results were found for
Au, which is known to have endothermic interactions with hydrogen. Indeed, our AIMD study,
with simulation time up to 60-ps, of TOh Au-NP of 201 atoms covered by atomic hydrogen,
reveals that Au-NP undergoes drastic morphological and symmetry changes. The AIMD results
at 300 and 500 K show that hydrogenated gold surface atoms stabilize in several ordered iAu-
H-Auo crowned lines sliding around a highly distorted core (Paper under review for publication
in journal iSmalld). This revealed NP structure is far from the conventional model Au-NP
catalyst often used in heterogeneous catalysis (well faceted NPs with ridged structure) to study
the reactivity as in hydrogenation catalytic reactions. Furthermore, these results confirm ETEM
observations performed by our collaborators from the laboratory MPQ of the University Paris
Diderot and open the way for deep investigations of the reactivity of these fimore realistico
surface active sites to accurately understand the reaction mechanisms occurring over

hydrogenated gold nanocatalysts.

Secondly, | investigated the chemical ordering changes occurring in Pt alloy catalysts under
hydrogen media by calculating the evolution of environmental segregation energies as a
function of temperature and pressure. | focused on the two diluted states of selected alloyed
systems, the Pt as a single-atom diluted in 8 selected transition metal (M) surfaces (M = Cu,

Ag, Au, Ni, Pd, Co, Rh, Ir) and Pt as a host surface of M single-atoms. These results (published
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in the journal of App. Surf. Sci.) showed complex segregation behavior in presence of reactive
gas where the simplistic picture in which the response to adsorbates is that the more reactive
alloy component (i.e., the one interacting strongly with the adsorbates) segregates to the surface,
may induce erroneous interpretations. The reality is that the chemistry of diluted single-atom
Pt is completely different from what is known from the extended surfaces and from clusters and

nanoparticles modeled under vacuum.

Finally, besides this detailed work in collaboration with the groups of Shanghai and Paris, | also
get the chance to collaborate with other scientists from France and from Europe working on
alloy Pt systems. With Dr. Frederic Meunier, expert of the in situ IR spectroscopy from Lyon,
I performed DFT calculations of PtSn NPs to study the segregation signature of Sn in presence
of CO (results published in J. Phys. Chem C). In addition, | spent two weeks in Brussel in the
lab of Pr. Frederik Tielens, where | studied the interaction of NO and the dissociation reaction
on Pt alloy NPs (Paper submitted to ACS catal.). The results detailed in the published articles

are attached in the end of this manuscript.
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The Table SI-111.1 presents the DFT calculated hydrogen adsorption energies on different
possible adsorption sites denoted as: (i) fitopo, when one atomic hydrogen is adsorbed on the Pt
surface, (ii) iBo, when H is bridging between two surface Pt atoms, (iii) fi4Fo, when H is
adsorbed on the four-fold hollow site of Pt surface, (iv) fifcco, when H is adsorbed on the fcc
hollow site of Pt surface, and (v) fihcpo, when H is on the hcp hollow site of Pt surface. The
most stable adsorption sites (in red) of each Pt surface orientation are selected to couple with

the MSR model (see section 2 in Chapter 3 for reference).
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In the MSR model, to describe the hydrogen adsorption behaviors on the NP surface, the
Fowler-Guggenheim adsorption isotherm is applied (see section 5 in Chapter 11 for reference),
wherein the temperature-dependent hydrogen gas entropy at 1 atmosphere pressure are
extracted from the NIST-JANAF Thermochemical Tables database [1] and fitted in Figure SI-

I11.1.in the temperature range between 0 and 1200 K.
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The Table SI-V.1 contains all the DFT calculated parameters needed to predict the

environmental surface segregation of single-atom diluted in host surface. The O s the
segregation energy (energy difference between O and O ) of the single-atom in
vacuum; 60 (© ) is the binding energy with one adsorbed hydrogen atom on the
single-atom (host atom site) site, respectively; aUO is the lateral interaction (0) where & is the

number of nearest neighbors of an adsorption site on the surface: 6 for (1 1 1), 4 for (1 0 0) and

2for(110).
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The Figure SI-V.1 presents the evolution of predicted environmental segregation energy (O )
of single-atom Pt in different host M surfaces as a function of temperature under hydrogen
pressures 10* Pa and 100 Pa. Their corresponding segregation energies under vacuum O are
also included for comparison. The calculated O values are color-coded to represent different
degrees of surface- or bulk-segregation trends of single-atom Pt (see section 2 in Chapter 5 for

reference).
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The Figure SI-V.2 contains the DFT calculated binding energies of hydrogen on pure host

metallic (1 1 0) and (1 O 0) surfaces (free from single-atom sites) and on single-atom Pt
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anchored of these surfaces. The binding energy of hydrogen atom on pure Pt(1 1 0) and Pt(1 0

0) surfaces are added for valuable comparison.
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The Figure SI-V.3 shows the evolutions ofy 5 ®f single-Pt in Cu(1 1 0) as a function of
hydrogen pressure with temperature fixed to 300 K. This figure helps in understiuediog-
monotonic' 4 4 gyolution behavior of Pt in Cu(1 1 0) due to the competition between the

hydrogen coverage on host and on Pt-single sites (see secti@hdpter 5 for reference).
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