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Roman symbols

'
A

A
Ct
d
Ea

Eadsorbate

A Eads
AAEadS

AEantiseg

Eel

Eel.segregated

Eel.antisegregated

EeI.XBM

=

Egas

Einteraction

dist
Emolecule

transition state

pre-exponential factor

surface area

concentration of active sites

distance between two atoms

activation energy

electronic energy of the adsorbate complex
adsorption energy

difference in adsorption energy relative to that on
Pd(111)

antisegregation energy
electronic energy

electronic energy of the slab of an alloy X3M in the
segregated state

electronic energy of the slab of an alloy X3M in the
antisegregated state

electronic energy of the slab of an alloy X3M in the
non-segregated state

energy of the Fermi level

electronic energy of the gas phase species
interaction energy between adsorbate and slab
energy difference between the relaxed and distorted

geometry (constrained to the adsorbed geometry) in
gas phase

pm
kJ mol™
kJ mol™

kJ mol™
kJ mol™

kJ mol™

kJ mol™

kJ mol™*

kJ mol™

kJ mol™

eV

kJ mol™

kJ mol™

kJ mol™
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Esian electronic energy of the clean slab kJ mol ™t
energy difference between the slab with the relaxed

gdst and with the distorted geometry (constrained to the kJ mol*
adsorbed geometry)

AEseq segregation energy kJ mol™

Evac energy of the vacuum level eV

F molar flow mol s™

F flux of incident gas phase molecules on a surface molecules m? s*

G Gibbs free energy kJ mol™

A'G Gibbs activation energy kJ mol ™

4,G° standard reaction Gibbs free energy kJ mol™

4/ Ggas® gas-phase standard reaction Gibbs free energy kJ mol ™

AGags Gibbs adsorption energy kJ mol™

H enthalpy kJ mol ™

h Planck’s constant 6.62 10 Js?

AH activation enthalpy kJ mol™

AH° standard reaction enthalpy kJ mol™

AHgas gas-phase standard reaction enthalpy kJ mol™

AHogs adsorption enthalpy kJ mol™

I reduced moment of inertia for internal rotation kg m?

Ks Boltzmann constant 1.3810%2JK*

k reaction rate coefficient storPalst

K equilibrium coefficient Pa™ or -

m mass of one molecule kg

m partial reaction order of hydrogen -

n partial reaction order of benzene -

Na Avogadro constant 6.022 10°® mol ™
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S

So
Stran5+ rot
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T

Utrans+ rot

Uyib

4,5°
4Sgas”
ASags
Xrop
Xsa

W

number of gas phase molecules
number of Pd atoms in a unit cell
pressure

standard pressure

molar partition function

molecular partition function

net reaction rate of an elementary step
universal gas constant

global rate of production per active site
entropy

sticking probability on a clean surface

entropy contribution from translational and rotational
modes

entropy contribution from vibrational frequencies
temperature

enthalpy contribution from translational and rotational
modes

thermal correction to the enthalpy from vibrational
contributions

standard reaction entropy
gas-phase standard reaction entropy
adsorption entropy

rate of production coefficient
sensitivity coefficient

catalyst mass

Greek symbols

A

Increment

bar

bar

1.1
Mol MOl activesite S

Jmol?t K?

-1.-1
Mol MOl activesite S

Jmoltk?

Jmoltk?

Jmoltk?

kJ mol™

kJ mol™

Jmol?t K?
Jmolt K?

Jmol?t K?

kg
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r Surface Gibbs free energy Jm?

Y Out-of-plane bending vibrational mode -

d In-plane bending mode -

&d d-band centre eV

0 Tilting angle of adsorbate relative to the surface plane  °

0 Fractional surface coverage -

\Y vibrational frequency cm*

Y Stretching vibrational mode -

T type of bond -

c type of bond -

) Work function eV

o Azimuthal angle of adsorbate relative to the surface |
normal direction

Acronyms

ARUPS Angle-Resolved Ultraviolet Photoemission Spectroscopy
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DOS Density of States

DFT Density Functional Theory

ESQC Elastic Scattering Quantum Chemistry

GGA Generalized Gradient Approximation
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LUMO
NEXAFS
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PAW
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SA
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TPD
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vdw
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VASP
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Local Density Approximation

Low-Energy Electron Diffraction

Livermore Solver for Ordinary Differential Equations
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Perdew, Burke and Ernzerhof’s 1996 exchange and correlation functional
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Projector Augmented Wave method

Projected Density of States

Quantum Mechanics
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Thermal Desorption Spectroscopy
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Summary

Since catalytic reactions are essential in the chemical industry, the development of catalysts
with optimal characteristics is of prime importance. The catalytic hydrogenation of benzene is
an important industrial reaction for several reasons: it is used to improve the quality of diesel
fuels, to obtain monomers for nylon production, and in the production of cleaner fuels.
Benzene hydrogenation has a complex reaction network with multiple reactions paths and
surface species. Quantum chemistry theoretical methods, such as density functional theory,
can provide accurate detailed information at the molecular level for this reaction. These
methods can be used to obtain a better understanding of the reaction mechanism and to predict
the catalytic performance as a function of the conditions. Furthermore, these methods can also
elucidate the essential differences between catalysts allowing to search for cheaper catalysts

with optimal properties for benzene hydrogenation.

The present work first aims to obtain a detailed molecular level understanding of benzene
hydrogenation on Pd as a function of surface coverage. Theoretical studies typically pertain to
low, fixed surface coverages to reduce the computational cost related to larger systems and
also to avoid the difficult geometry convergence that is often present at higher coverages due
to repulsive lateral interactions. However, high coverages can be expected on the catalyst

surface under reactions conditions. Therefore, inclusion of the effect of coverage on the
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adsorption equilibria and reaction rate coefficients is possibly decisive to obtain theoretical

results that are comparable to experimental observations.

Secondly, this work applies the knowledge acquired on Pd to screen different Pd-based
bimetallic alloys for benzene hydrogenation, aiming to find optimal catalysts as a function of
the conditions. Furthermore, given that the noble metal Pd is an expensive material and Ni is

an active and much cheaper catalyst, this works evaluates Ni-based catalysts as well.

Aim. The present first principles based modeling work aims (i) to acquire a detailed
molecular level description of benzene hydrogenation on Pd, and (ii) to develop a predictive
model to search for optimal bimetallic catalysts for benzene hydrogenation as function of the

reaction conditions.

Chapter 1 presents the catalytic hydrogenation of benzene from a general point of view and
focuses on the adsorption and reactions steps on metal catalysts. This chapter introduces the
approach that can be followed to design optimal catalysts based on theoretical calculations as
a function of the conditions. Finally, a short literature overview of possible bimetallic

catalysts for benzene hydrogenation is given.

Chapter 2 discusses the coadsorption of benzene and hydrogen on Pd(111) as a function of
coverage. First the adsorption of the separate species is studied in detail, and the results are
used to investigate their coadsorption as a function of hydrogen coverage. Surface Gibbs free
energies are calculated and used to construct thermodynamic phase diagrams, which predict
the preferred coverage on the surface as a function of the reaction conditions. Different
approaches are considered in this chapter to calculate the surface Gibbs free energies.
Comparison of the results to experimental observations suggests that thermodynamic phase
diagram should be constructed accounting for both (i) vibrational contributions and (ii) a
proper description of van der Waals interactions (vdW), in contrast to what is usually

considered in theoretical studies
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In Chapter 3 an extensive study is performed on the effect of surface coverages on the
catalytic hydrogenation of benzene on Pd(111). Adsorption equilibrium coefficients and
surface (de)hydrogenation rate coefficients are evaluated at different surface coverages. With
increasing surface coverage, a decrease in adsorption equilibrium coefficients and an increase
in surface hydrogenation rate coefficients is observed. For surface reactions, an excellent
correlation is observed between activation and reaction energies. The results are used to
construct a coverage-dependent microkinetic model, which is solved as a function of the
reaction conditions. In contrast to the results at low coverage or without a proper description
of vdW interactions, the catalytic activity obtained from the coverage-dependent model with a
proper description of van der Waals interactions is comparable with that from experimental

observations.

Chapter 4 deals with the adsorption of benzene on Pd(100) and Pd(110) as a function of the
coverage. Since Pd nanoparticles on industrial catalysts are composed of different surfaces,
the knowledge of the preferred adsorption sites of benzene and their behavior with coverage
on these surfaces is important for modeling benzene hydrogenation on Pd multifaceted

particles.

A large decrease in stability is predicted for benzene adsorption at saturation as compared to
medium coverage on the two surfaces, particularly on Pd(110). The comparison of these
results to experimental data allows to propose preferred adsorption sites for benzene on both

surfaces, reducing the number of possible adsorption sites to a large extent.

Chapter 5 investigates several Pd-based and Ni-based bimetallic catalysts for benzene
hydrogenation. First, the most stable segregation state is studied for the clean surface of these
alloys. For the most stable state, the different adsorption sites of benzene are studied,
evaluating changes in the segregation state upon benzene adsorption as well. Since the

calculation of benzene adsorption is computationally expensive, correlations between benzene
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adsorption energy and carbon adsorption energy, and also with the occupied d-band centre of
the surface atoms are evaluated. The reactivity of selected alloys for benzene hydrogenation is
predicted based on the reactivity of the first hydrogenation step. A good correlation is
observed between activation barrier of this step and the adsorption energy of benzene and,
hence, the latter can be used as a catalyst descriptor that represents the essential differences
between catalysts. The results, expressed relative to those on Pd(111), are implemented in the
constructed microkinetic model for benzene hydrogenation on Pd(111). The activity for a
broad range of catalyst descriptor values and reactions conditions indicate that, for
temperatures between 400 and 500 K, maxima in activity are predicted for catalysts that bind

benzene 10 — 20 kJ mol™ stronger than Pd(111), e.g. the NisRu and NizOs alloys.

Finally, in Chapter 6, the most important conclusions of this Ph.D. are highlighted together
with perspectives for future research. This work confirms the usefulness of first principles
theoretical calculations for acquiring molecular level insights for catalytic reactions. The work
stresses the importance of two effects on the rate coefficients that are often neglected in
theoretical studies, namely coverage effects and van der Waals interactions. Incorporation of
these two is required to predict catalyst activities that can be compared to experimentally
observed activities. Finally, this work also proves that theoretical calculations based on
density functional theory are promising to search for new and more active catalysts for
benzene hydrogenation, which can also be applied in other industrially important catalytic

processes.
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Samenvatting

Omdat katalytische reacties een sleutelrol bekleden in de chemische industrie is de
ontwikkeling van katalysatoren met optimale eigenschappen van groot belang. De
katalytische hydrogenering van benzeen is een belangrijke industriéle reactie voor
verschillende redenen: de reactie wordt gebruikt om de kwaliteit van diesel te verbeteren, om
monomeren voor de productie van nylon te verkrijgen, en om milieuvriendelijker
brandstoffen te produceren. Benzeenhydrogenering vindt plaats door middel van een complex
reactienetwerk met meerdere reactiepaden en intermedeairen op het oppervlak.
Kwantumchemische methoden, zoals dichtheidsfunctionaaltheorie, kunnen accurate en
gedetailleerde data op moleculair niveau aanreiken. Deze methoden kunnen gebruikt worden
om een beter begrip van het reactiemechanisme te verkrijgen en om de katalytische activiteit
als functie van de reactiecondities te voorspellen. Bovendien kunnen deze methoden ook de
essentiéle verschillen tussen katalysatoren ophelderen, wat toelaat om betere en/of
goedkopere katalysatoren met optimale eigenschappen voor benzeenhydrogenering te
identificeren.

Dit werk poogt ten eerste om een goed begrip te verkrijgen van benzeenhydrogenering op Pd
als functie van de fractionele bedekkingsgraad, op moleculair niveau. Theoretische studies
zijn typisch beperkt tot lage, vaste bedekkingsgraden, wat toelaat de berekeningstijden te

beperken en bovendien de moeilijke geometrie-optimalisaties te omzeilen die vaak gepaard
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gaan met hogere bedekkingsgraden door de toegenomen afstotende laterale interacties. Op het
oppervilak van een werkelijke katalysator onder industriéle reactiecondities worden echter
typisch hoge bedekkingsgraden waargenomen. Daarom is de beschrijving van het effect van
bedekkingsgraden op adsorptie-evenwichten en reactiesnelheidscoéfficiénten mogelijk
cruciaal om theoretische resultaten te bereiken die in overeenstemming zijn met
experimentele waarnemingen.

Ten tweede past dit werk de kennis vergaard op Pd toe om verschillende Pd-gebaseerde
bimetallische legeringen te evalueren voor hun benzeenhydrogeneringsactiviteit, met als doel
het bepalen van optimale katalysatoren als functie van de reactiecondities. Bovendien worden
in dit werk ook Ni-gebaseerde katalysatoren geévalueerd, gezien het feit dat Ni naast een
actieve hydrogeneringskatalysator ook vele malen goedkoper is dan Pd.

Doel Op basis van ab initio gebaseerde modellering stelt dit werk zich als doel om (i) een
gedetailleerde beschrijving op moleculair niveau te verkrijgen van benzeenhydrogenering op
Pd, en (ii) een model op te bouwen dat optimale bimetallische katalysatoren kan bepalen voor
benzeenhydrogenering als functie van de reactiecondities.

Hoofdstuk 1 voorziet in een algemene inleiding tot de katalytische hydrogenering van
benzeen waarbij de nadruk gelegd wordt op de adsorptie- en reactiestappen op
metaalkatalysatoren. Dit hoofdstuk introduceert de aanpak die gevolgd kan worden om
optimale katalysatoren te ontwerpen op basis van theoretische berekeningen als functie van de
reactiecondities. Tot slot wordt een kort literatuuroverzicht gegeven van de mogelijke
bimetallische katalysatoren voor benzeenhydrogenering.

Hoofdstuk 2 behandelt de coadsorptie van benzeen en waterstof op Pd(111) als functie van
de bedekkingsgraad. Eerst wordt de adsorptie van de afzonderlijke moleculen in detail
besproken, en de resultaten worden gebruikt om hun coadsorptie als functie van de

waterstofbedekkingsgraad te onderzoeken. Berekende Gibbs-opperviakenergieén worden
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gebruikt om thermodynamische toestandsdiagramma te construeren die de meest stabiele
opperviakbedekking als functie van de reactiecondities beschrijven. Verschillende
benaderingswijzen om de Gibbs-oppervlakenergieén te berekenen worden beschouwd in dit
hoofdstuk. Vergelijking van de resultaten met experimentele resultaten duidt erop dat de
thermodynamische toestandsdiagramma geconstrueerd dienen te worden waarbij zowel
rekening gehouden wordt met (i) vibrationele bijdragen en (ii) een correcte beschrijving van
van der Waals (vdW) interacties, in tegenstelling tot de traditioneel beschouwde aannames in
theoretische studies.

Hoofdstuk 3 beschrijft een uitgebreide studie over de invloed van oppervlakbedekkingen op
de katalytische hydrogenering van benzeen over Pd(111). De basis hiertoe is de beschrijving
van de invloed van de bedekkingsgraad op evenwichtscoéfficiénten voor adsorptie en
snelheidscoéfficiénten voor (de)hydrogenering. Met toenemende oppervlakbedekking wordt
een afname in evenwichtscoéfficiénten voor adsorptie en een toename in
snelheidscoéfficiénten voor hydrogenering waargenomen. Voor de reacties op het oppervlak
correleren de activerings- en reactie-energieén zeer goed met elkaar. De resultaten worden
gebruikt om een bedekkingsgraadafhankelijk microkinetisch model te construeren dat kan
opgelost worden als functie van de reactiecondities. De katalytische activiteit zoals berekend
door het bedekkingsgraadafhankelijk model met correcte beschrijving van vdW interacties is
vergelijkbaar met deze verkregen uit experimentele waarnemingen, in tegenstelling tot de
resultaten verkregen bij lage bedekking of zonder correcte beschrijving van vdW interacties.
Hoofdstuk 4 handelt over de adsorptie van benzeen op Pd(100) en Pd(110) als functie van de
bedekkingsgraad. Omdat de Pd nanodeeltjes in industriéle katalysatoren uit verschillende
opperviakken bestaan is het belangrijk te weten waar benzeen adsorbeert op deze
oppervliakken en wat de afhankelijkheid van de bedekkingsgraad is, om zo

benzeenhydrogenering op werkelijke Pd deeltjes accuraat te kunnen modelleren.
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Een grote afname in stabiliteit van geadsorbeerd benzeen bij monolaagadsorptie in
vergelijking tot een matige bedekkingsgraad is waar te nemen op beide oppervlakken, maar
vooral op Pd(110). De vergelijking van deze resultaten met experimentele data laat toe de
preferentiéle adsorptieplaatsen voor benzeen op beide opperviakken vast te stellen, wat het
aantal mogelijke adsorptieplaatsen in grote mate doet afnemen.

In Hoofdstuk 5 worden verschillende Pd- en Ni-gebaseerde bimetallische katalysatoren voor
benzeenhydrogenering onderzocht. Ten eerste wordt de meest stabiele segregatietoestand
voor het onbedekte oppervlak bepaald. Voor de meest stabiele toestand wordt benzeen
geadsorbeerd op de verschillende stabiele adsorptieplaatsen, waarbij tegelijk mogelijke
veranderingen in de segregatietoestand geinduceerd door benzeenadsorptie geévalueerd
worden. Omwille van de lange duur van de berekeningen van benzeenadsorptie op deze
katalysatoren worden correlaties geévalueerd die benzeenhydrogenering relateren aan de
koolstofadsorptie-energie en de gemiddelde energie van de d-elektronen van de
oppervlakatomen van de katalysator. De benzeenhydrogeneringsactiviteit van de
geselecteerde legeringen wordt ingeschat op basis van de reactiviteit van de eerste
hydrogeneringsstap. Een goede correlatie tussen de activeringsenergie van deze stap en de
adsorptie-energie van benzeen is waar te nemen, waaruit af te leiden valt dat de
benzeenadsorptie-energie kan gebruikt worden als katalysatordescriptor die de essentiéle
verschillen tussen de katalysatoren beschrijft. De resultaten, uitgedrukt relatief ten opzichte
van Pd(111), worden geimplementeerd in het geconstrueerde microkinetisch model voor
benzeenhydrogenering op Pd(111). De activiteit voor een breed bereik in de
katalysatordescriptor en reactiecondities wijzen erop dat, voor temperaturen tussen 400 en
500 K, activiteitsmaxima zijn waar te nemen voor katalysatoren die benzeen 10-20 kJ mol™

sterker binden dan Pd(111), zoals bvb. de legeringen NizRu en Ni3Os.
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In Hoofdstuk 6 worden tot slot de belangrijkste conclusies van dit doctoraat gegeven, samen
met mogelijkheden voor toekomstig werk in dit onderzoeksveld. Dit werk bevestigt de
bruikbaarheid van ab initio berekeningen voor het verkrijgen van inzicht in katalytische
reacties op moleculair niveau. De resultaten benadrukken het belang van twee effecten op de
snelheidscoéfficiénten die vaak verwaarloosd worden, met name het effect van
bedekkingsgraad en van der Waals interacties. Correcte beschrijving van beide effecten is
vereist om katalytische activiteiten te kunnen beschrijven die in overeenstemming zijn met
experimenteel waargenomen activiteiten. Tot slot toont dit werk ook aan dat theoretische
berekeningen met dichtheidsfunctionaaltheorie veelbelovend zijn in de zoektocht naar nieuwe
en actievere katalysatoren voor benzeenhydrogenering, een aanpak die ook kan toegepast

worden voor andere industrieel belangrijke katalytische processen.
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Chapter 1

Introduction

The catalytic hydrogenation of benzene is an important industrial reaction that consists of
several elementary steps, comprising a complex catalytic network. The reaction mechanism
and surface chemistry of benzene are not completely understood. Quantum chemistry (QM)
and computational catalysis methods, such as density functional theory (DFT), can provide
molecular level insights and accurate thermodynamic parameters, which may allow
unraveling the complex reaction mechanism. The results from DFT can be further used to
predict catalytic activities at actual reaction conditions, by implementing the ab initio
calculated data in a microkinetic model. Finally, the catalytic activity trends of benzene
hydrogenation from one metal to the next can be determined with QM methods. This allows
to rationally design new catalysts with optimal properties, which is an important goal in

industry to minimize energy and raw material consumption.

Aiming to design bimetallic catalysts for benzene hydrogenation, as a first step this work
obtained a detailed DFT molecular level description of the catalytic hydrogenation of benzene
on the commonly used Pd catalyst. The adsorption of benzene and hydrogen are the first

elementary steps for hydrogenation, and the (111) is the most abundant surface plane in Pd
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industrial nanoparticles. Therefore, knowledge of the most stable catalysts surface coverages
of benzene and hydrogen coadsorption on Pd(111) at typical hydrogenation conditions is
essential. The expected coverages can be further considered to obtain a coverage dependence
of the kinetics and thermodynamics for benzene hydrogenation. This dependence can be used
to predict the catalytic activity at actual reaction conditions. Next, although the (111) is the
most abundant surface of Pd nanoparticles, different activities can be achieved on catalysts
exhibiting other typical surface planes, such as Pd(100) and Pd(110). Investigation of the
preferred adsorption sites on these surfaces as a function of coverage is required for a future

modeling of benzene hydrogenation on multifaceted Pd-based catalysts.

Having established a molecular level description of benzene hydrogenation on Pd(111), the
next step in this work consists of understanding the variations in catalytic activity from one
metal to the next. To this end catalyst descriptors, that represent the essential differences
between the catalysts, need to be identified. Bimetallic catalysts exhibit catalytic activities
that exceed those achieved with the parental monometallic catalysts. Therefore, bimetallic
alloys obtained as combination of the commonly used Pd(111) and Ni(111) with transition

metals are screened for benzene hydrogenation.

The first section of this introductory chapter presents the catalytic hydrogenation of benzene
from a general point of view, and focuses first on the adsorption of reactants and secondly on
the reaction mechanism. The last section of the chapter discusses the approach to perform

catalyst design for benzene hydrogenation.

1.1 Catalytic hydrogenation of benzene

Catalysis is a process in which the rate of a chemical reaction is increased by a substance

called catalyst, which unlike other reagents it is not consumed after the reaction cycle. As
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explained in 1895 by Wilhelm Ostwald, the catalyst modifies the reaction kinetics without
affecting the position of the equilibrium of the overall reaction. More than 90% of the
chemical processes in industry involve catalytic reactions.* Most of these reactions would not
be possible without catalysts, and many others would require too strong reaction conditions.
Therefore, catalysis offers an alternative path for chemical reactions, more complex but

energetically much more favorable.

Benzene is the simplest aromatic compound and the most difficult to hydrogenate at moderate
conditions.? Therefore, studies usually focus on benzene as a model for aromatic
hydrogenation. The catalytic hydrogenation of aromatic compounds is a key step in the
petroleum refinery, where this reaction is performed for various reasons. Firstly, the lower the
aromatic concentration, the higher the cetane number of diesel fuels, which gives an
indication of its combustion speed and is one of the factors to determine the quality of these
fuels.® Secondly, a lower concentration of aromatics decreases the smoke point of jet fuels, *
and this reaction is also performed to produce kerosene, lubricants, solvents, and to improve
the viscosity index of engine oil.* Furthermore, the petrochemical industry catalytically
hydrogenates benzene to produce cyclohexane, which is used to synthesize caprolactam and
adipic acid, precursors of Nylon 6 and Nylon 6-6, respectively.* Moreover, this reaction is
also an integral part in the production of clean fuels; aromatic compounds have hazardous and
carcinogenic effects, and benzene, classified as human carcinogenic type A, is one of the most

tightly regulated substances in the world.

The catalytic hydrogenation of benzene, illustrated in Figure 1-1, can proceed in both
homogeneous and heterogeneous phase; however, the industrial reaction is usually performed
heterogeneously.® The typical industrial conditions are 300-500 K and 25-100 bar of H,,*
while benzene hydrogenation in the absence of a catalyst only occurs at very high

temperatures ( > 900 K) required to break the H—H hydrogen bond.” This reaction is highly
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exothermic, thus equilibrium limitations may impede a complete conversion of the reactants

+ 3H2 _______-.~'" O

Figure 1-1: Hydrogenation of benzene to produce cyclohexane.

at high temperatures.”

1.1.1 Adsorption on metal catalysts

The adsorption of hydrogen and benzene on the catalyst surface is the first elementary step for
the catalytic hydrogenation toward cyclohexane. The adsorption strength of the reactants can
strongly affect the reaction performance, hence the catalyst must facilitate both adsorption and
surface reaction to yield optimal behavior.® Too weak bonding inhibits the conversion into
products, and too strong bonding leads to completely covered surfaces without free sites for
the other species, and hence no reaction.® Knowledge of the interaction of the reactants,

benzene and hydrogen, with the surface can provide a better understanding of this reaction.

Benzene adsorption. The adsorption of benzene on the various Pd surfaces has been
evaluated by a large variety of surface analytical techniques ®?° and a lesser number of
periodic density functional theory (DFT) studies. **** The adsorption proceeds with the
aromatic ring parallel to the surface, and large repulsive interactions between neighboring
molecules at high coverage can force the tilting of benzene.™® ** Coverage can strongly affect
the adsorption and hydrogenation thermodynamics. On the one hand, experimental studies
have evaluated benzene adsorption at different coverages, however, the interpretation of the

results is sometimes not straightforward. On the other hand, theoretical studies usually pertain



Chapter 1 5

to a single coverage to minimize the computational cost, thus evaluation of coverage effects

by theoretical studied can provide extremely useful insights.

Benzene can be adsorbed at several adsorption sites on the most common surfaces of Pd,
namely (111), (100), and (110) surfaces, as illustrated in Figure 1-2. On the most abundant
Pd(111), the bridge(30) and hollow-hcp(0) have been proposed to be preferred.® 3 However,
the change of the most stable site may occur with increasing coverage or with the presence of
other coadsorbed species on the surface.’® On Pd(100), a comparable benzene adsorption
orientation as on Pd(111) has been proposed from the similar variation of photoemission
spectra with emission angle observed on both surfaces.®* On Pd(110), the detailed atomic
structure of the adsorbed benzene and the corresponding site symmetry is still under debate
despite the large number of studies that focused on this surface.'! 12 20 24:26.29.35 O the one
hand, angle resolved UPS (ARUPS) ** and HREELS measurements 2 lead to conclude that at

saturation coverage benzene is tilted toward the [001] direction. On the other hand, STM

14, 25,29 26 35

studies and quantum chemical calculations indicate a rotation of benzene relative to
the direction perpendicular to the surface, however, the molecular plane remains parallel to

the surface.
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a) (111)
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Figure 1-2: Benzene adsorption sites on (a) (111), (b) (100), and (c) (110)
surfaces. Only the atoms in the two first top layers are shown, with different
grey colors for easier visualization.
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Hydrogen adsorption. The adsorption of hydrogen on Pd has been evaluated in detail***?,
not only because this metal is industrially used to saturate aromatics but also due to the unique
ability of this metal for hydride formation,®” hydrogen storage,** fuel cells and hydrogen
purification processes.”> *® Multiple adsorption sites have been identified for hydrogen on
Pd(111), as illustrated in Figure 1-3, and the hollow fcc and hcp surface sites are usually
reported as the energetically preferred adsorption sites up to saturation coverage.*® ** %’ The
high pressures that are used in industry for hydrogenation reactions can, however, lead to
hydrogen coverages above saturation, at which both surface and subsurface sites are

populated.*®

Figure 1-3: (a) Top view of the surface hydrogen adsorption sites on a (111)
surface, with only the two first atomic top layers shown. (b) Side view of the
(111) surface with the three subsurface sites together with surface sites.

Benzene and hydrogen coadsorption. Despite the large number of studies that have focused
on the adsorption of benzene and hydrogen on metal surfaces, these studied often, if not
always, consider the adsorption of single species at low temperatures and pressures. At
reaction conditions, where both gas-phase species are present, the surface coverage may be
different as compared to those observed for the separate species. Therefore, evaluation of the
most stable coadsorption coverages that can be expected at typical hydrogenation conditions

is required, since surface kinetics are strongly coverage dependent.
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1.1.2 Mechanism for benzene hydrogenation

The hydrogenation of benzene to cyclohexane consists of the addition of six hydrogen atoms
to saturate the carbon atoms (see Figure 1-1). This reaction is considered to proceed via the
Horiuti-Polanyi mechanism,* i.e., the consecutive hydrogenation of the six carbon atoms. If a
single adsorption site is considered for benzene on the surface, and if diffusion between
different sites is neglected for the reaction intermediates, the complex reaction network from
benzene to cyclohexane consists of twenty different hydrogenation reactions via 13 possible
reactions paths, as illustrated in Figure 1-4. Accounting for additional adsorption sites for the
intermediate species can increase the number of possible reaction paths above 180. Despite
the large number of experimental and theoretical studies on the catalytic hydrogenation of
benzene, there is no consensus on the exact reaction mechanism.”® Some postulate that gas-
phase hydrogen reacts with chemisorbed benzene following an Eley-Rideal mechanism. ** %
However, the general agreement is that the reaction proceeds with both chemisorbed

hydrogen and hydrocarbon species, * >’

mechanism referred to as Langmuir-Hinshelwood-
Hougen-Watson. Furthermore, competition between benzene and hydrogen for the active sites
has been claimed,”®® and denied by others.”™® The first hydrogen addition has often been
considered as the rate determining step on Ni, >" ® % pd, % or Pt,®" ® although the fourth *
and fifth reactions’® have also been proposed on Pt, or for Ni catalysts it has been considered
that the six sequential hydrogenation steps have the same rate coefficient.® ?° Including
dehydrogenation reactions in the model could explain the formation of carbonaceous species
%7 or the decrease in free sites because of their presence on the surface.>® However, benzene
dehydrogenation is neither thermodynamically nor Kinetically favored compared to
hydrogenation.” The presence of adsorbed cyclohexene on the surface has been reported

during benzene hydrogenation experiments,”*”’ but the formation of gas-phase cyclohexene is

thermodynamically less favorable as compared to the major product cyclohexane.”® ™ Since
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cyclohexane is typically expected to desorb fast and irreversibly,”® surface inhibition by
adsorbed cyclohexane is discarded.” The catalytic activity reaches a maximum as a function
of temperature, °" % %2 78 \yhich is explained by the balance between the decrease in surface
concentration of the reactants with temperature and the increase in surface reaction rate
coefficients.

13CHD 123THB CHE
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Figure 1-4: Reaction network of the catalytic hydrogenation of benzene to
cyclohexane, considering a single adsorption site for the surface
intermediates.

1.2 Catalyst design for benzene hydrogenation

One of the main goals in industry is to develop new catalysts with novel catalytic properties.
These catalysts can allow e.g. to use milder reaction conditions to achieve the same
conversion as common catalysts, therefore, reducing costs for installation and operation to a

large extent. Furthermore, the development of new catalysts can allow decreasing the large
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amount of expensive catalysts that is required for industrial reactions, such as on

hydrotreatment processes of oil fractions.

Experimental design of catalysts for industrial reactions is currently performed by trial-and-
error techniques, and a more efficient, knowledge-based approach is required. DFT methods
are extremely useful to screen the activity on different catalysts, searching for materials with
optimal activity. Catalysts properties that show the essential differences between the catalysts
need to be identified, i.e., catalysts descriptors, such as the adsorption energy® or the d-band

center.®?

Transition metals such as Ni and Pd are very good catalysts for hydrogenation reactions
because they can achieve high activity. However, these expensive metals are easily
deactivated by poisons such as sulfur containing organic compounds, hence more sulfur
tolerant metal catalysts are needed. The catalytic hydrogenation over bimetallic catalyst
exhibits activities, selectivities, and poisoning tolerance that exceed those obtained from the
parent metal catalysts.®® Particularly, large number of studies have evaluated Pd-Pt catalysts
because they are more active than Pd and Pt separately,*  ® similarly as Pd-Rh, Pd-Ir, Pd-
Re, ¥ pd-Cr, and Pd-W catalysts.?® Alloying Pd with other metals can also enhance its
sulfur resistance.® % % particularly, excellent sulfur resistances have been reported for

supported Pt-Pd catalysts.* %

Although this work does not evaluate selectivity (nor
poisoning tolerance), selective hydrogenation toward a desired product is even of greater
importance than activity for some processes, e.g. in the hydrogenation of alkyne molecules
from ethylene or propylene feed to produce polymers, where Pd catalysts are used.” In

B and s

benzene hydrogenation, cyclohexane is the main reaction product’®
thermodynamically preferred. ° However, the selective hydrogenation to cyclohexene can be
of greater interest in the petrochemical industry to produce polymers,®” due to some

economical advantages " and because it is also more easily separated from benzene than
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cyclohexane.” Ru-based catalysts are the most effective material in selective hydrogenation

of benzene to cyclohexene. %1%

The design of bimetallic catalysts with specific properties has also been applied because of
the large number of possible combinations that can be obtained with the appropriate synthesis
techniques.'®® Two main factors contribute to the differences from monometallic to bimetallic
catalysts. First, the electronic structure of the alloy differs due to the coupling between
electronic states of the different metals involved. Secondly, there are also geometrical factors
governing the differences between bimetallic and monometallic catalysts, namely site
blocking, ensemble effects, template effects and coordination effects.’® For bimetallic
surfaces with the same crystallographic structure, e.g. the (111) surface plane, the effect of
alloying should be ascribed to variations in the electronic structure, and particularly in the d-
band for transition metal alloys. The average energy of the electrons in the occupied d states,
d-band center (g4-pang), has been shown in previous works to be a good catalyst descriptor of

bond energies for different mono and bimetallic surfaces.® 1%%113

In this work, design of catalysts for benzene hydrogenation is performed by screening
bimetallic surfaces obtained by alloying Pd(111) and Ni(111) with other transition metals.
The observed trend in reactivity needs to be quantitatively related to the appropriate catalyst
descriptor (e.g. the adsorption enthalpy or d-band center). Implementation of the catalyst
descriptors in a microkinetic model previously obtained on Pd(111) for benzene
hydrogenation may allow assessing activities exhibited by virtual candidate catalysts with
simulations for a broad range of catalyst descriptor values and operating conditions. The
developed modeling tools will also allow predicting a maximum yield of the desired products

as a function of both the catalyst descriptors and the operating conditions.
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1.3 Objectives and outline of this work

The aim of this research is to develop the modeling tools to perform a rational design of
bimetallic catalysts from density functional theory calculations (DFT) for the catalytic
hydrogenation of benzene. The first step to pursued this goal is to obtain a detailed molecular
understanding of the surface chemistry during benzene adsorption and hydrogenation on Pd.
This metal has been chosen because it is commonly used for catalytic hydrogenation, with
improved activity as compared to other transition metals. Special attention is given to the
effect of coverage on the adsorption and reaction Kinetics and thermodynamics, which is often
neglected in theoretical studies. In a second step, Pd-based and Ni-based bimetallic catalysts
are screened for benzene hydrogenation, describing the calculated trends with catalysts
properties that allow predicting those alloys with optimal activity as a function of the

conditions.

Chapter 2 studies the adsorption and coadsorption of hydrogen and benzene on Pd(111). This
is evaluated as a function of the coverage, and the results are used to construct the
thermodynamic phase diagrams that indicate which catalyst surface coverages should be

expected as a function of the conditions.

Chapter 3 performs a DFT coverage dependence study of the kinetics and thermodynamics
of benzene hydrogenation on Pd(111). The results are used to construct a coverage-dependent
microkinetic model that predicts catalytic activity, explicitly accounting for coverage

dependence on the rate coefficients calculated with DFT.

Chapter 4 focuses on benzene adsorption on Pd(100) and Pd(110) as a function of coverage.
These surfaces are found on Pd nanoparticles, and knowledge of the most stable benzene
adsorption sites as a function of coverage can be applied in future studies of benzene

hydrogenation on multifaceted particles.
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Chapter 5 aims to search for optimal catalysts for benzene hydrogenation. The metal
catalysts that are considered are bimetallic surfaces prepared by modifying Pd(111) and
Ni(111) with other transition metals. The most stable segregation state of the catalyst is first
evaluated. For this state, benzene adsorption is evaluated in detail, searching for correlations
with the computationally less expensive carbon adsorption and d-band center descriptors. As
a first step for the design of bimetallic catalysts, the first hydrogenation of benzene is
screened, and catalysts descriptors are implemented in the microkinetic model obtained for

Pd(111) to search for alloys that yield optimal activity as a function of the conditions.

Chapter 6 summarizes the main conclusions of this PhD, and proposes important points that
should be further investigated to obtain a detailed model that can describe benzene

hydrogenation network on multifaceted Pd-based catalysts.

Additional information on the methodology, together with e.g. adsorption geometries,
adsorption energies, vibrational frequencies, segregation energies, and activation energies for

this PhD is shown in Appendices A-D

This PhD thesis comprises a series of journal papers published within this research and the
manuscripts that are to be submitted for publication in the near future. Therefore, from

Chapter 2 to Chapter 5, each is readable as a self-standing part.
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Abstract

Periodic density functional theory (DFT) has besadito study the coadsorption of hydrogen
and benzene on Pd(111). The most stable coveragepradicted by constructing the
thermodynamic phase diagram as a function of gasehemperature and pressure. The
common approximation that neglects vibrational gbations to the surface Gibbs free
energy, using the PW91 functional, is compared e bne that includes vibrational
contributions. Higher coverages are predicted tothmrmodynamically the most stable
including vibrational frequencies, mainly due te thfferent entropy contributions. The first
approach is also compared to the one using théBipivdW) vdW-DF functional without
vibrational contributions, which predicts highembene coverages for benzene adsorption,
and lower hydrogen coverages for hydrogen adsarpéind coadsorption with a fixed
benzene coverage. Inclusion of vibrational contidns with the optPBE-vdW functional has
not been implemented due to computational consgraifowever, an estimate of the expected
result is proposed by adding PW91 vibrational dbaotrons to the optPBE-vdW electronic
energies, and under typical hydrogenation condstibigh coverages of abot = 0.89 are
expected. Inclusion of vibrational contributionsthe surface Gibbs free energy and a proper
description of van der Waals interaction are recemted to predict the thermodynamically

most stable surface coverage.
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2.1 Introduction

Benzene is a type A carcinogenic and stringentslatons enforce to reduce its
concentratior. The catalytic hydrogenation of benzene is indaiyriperformed to meet fuel
specifications and to obtain intermediate compoundshe production of nylon polymefs.
Optimal catalysts are required in industry to imyarothe efficiency of hydrogenation
reactions, and quantum chemical modeling can bd tesdetter understand these catalytic
reactions. The adsorption of benzene and hydrogemetal surfaces has been the subject of
several studies. These studies mostly focus onattsorption of single species at low
temperatures and/or pressures. However, hydrogenatactions are usually performed at
high hydrogen pressure and moderate temperatus@s5i0 K), hence high concentrations of
hydrogen can be expected on the metallic surfareeSsurface rate coefficients may be
strongly coverage dependent, evaluation of the @rpecoverages at typical hydrogenation
conditions is required. Therefore, this work foaigest on the adsorption of hydrogen and
benzene on Pd(111), and evaluates their coadsomsia function of hydrogen coverage.
Hydrogen adsorption has been extensively studig@lcbcatalysts° This is not only because
Pd nanopatrticles are used in industry to satura@aics, but also due to the unique ability
of this metal for hydride formatichyhich is also applied for hydrogen stordgéyel cell$?

and hydrogen purification processésThe adsorption of hydrogen on the most abundant
(111) surface plane of Pd is not activafedf and, although multiple adsorption sites have
been identified for hydrogen, the three-fold hollewface site is usually reported as the
energetically preferred one below saturafioff: *>The high pressures used in industry can,

however, lead to hydrogen coverages above satoragocoverages at which population of
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both surface and subsurface sites has been obsenvBd'® The latter has been reported to
be even more reactive than surface hydrotfet.

Benzene adsorbs with the aromatic ring parallethi» Pd(111) surface, as confirmed by
theoreticad®?* and experimental studiés>* However, large repulsive interactions between
neighboring molecules at very high coverages fahee tilting of the adsorbaté$>! The
coadsorption of benzene with other species is éggdo affect adsorption geometries, which
can also lead to the tilting of benzefleTilting has been investigated previously for the

12433 3% and benzene and C®

coadsorption of CO and-ff, alkenes/alkynes species ang
2 However, to our knowledge, only a single surfaméence study has evaluated the
coadsorption of benzene and hydrogen, and this a@@®1)?® HREELS and TPD
experiments at half and close to benzene saturatwerage were performed, and only small
differences compared to the adsorption of the sirsglecies were observ&dOthers have
estimated thermodynamic parameters for benzenéyrdgen adsorption by fitting a kinetic
model to experimental benzene hydrogenation datair@® on Pd catalysts. *° The
competition of both species for the same surfats dias been propos&dsimilarly as for
toluene hydrogenatioH.However, the non competitive adsorption has atsnbeported>*

In addition, Mirodatos? showed with an isotopic transient study of benzeydrogenation
that the Ni surface is mainly covered with adsorlbgdrogen, in contrast to the usually
reported assumption of high benzene coverage aedcwith the zero partial benzene
reaction order:® **Weakly adsorbed hydrogen has also been reporttteamly reactarft;

*1 without however discarding the existence of sgectarms of adsorbed hydrogeti.

Density Functional Theory (DFT) can be easily inmpéaited in a thermodynamic model to
predict the preferred coverages on the catalysh danction of the macroscopic state

variables. This approach has been previously usezl/aluate relevant industrial processes

and catalysts, such as buta-1,3-diene and but-k@s@ption on Pd(111) and Pd(100) under
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H, pressure® supported Pt clusters,or for the study of the supports for HDS reactions
6 Often, if not always, vibrational contributions the surface Gibbs free energy are
neglected and the inclusion of these may give aenamcurate picture for large molecules
such as benzene. Also, the common gradient-coddatectionals used in DFT to describe
the attractive and repulsive electron interactioesPW91 or PBE functionals, underestimate
long-range dispersive interactions such as van \Meals (vdW))’ These dispersive
interactions can affect binding or activation emegdgor adsorption and reaction of organic
molecules on metal surfac&The first principles vdW-DF method introduced bio® and
co-workers® properly accounts for these important vdW intdcexst and calculates the
energy of the exchange and correlation term asstime of the exchange energy from the
generalized gradient approximation (GGA) functigriak local correlation energy from the
Local Density Approximation (LDA) functional andaludes the non-local correlation energy
from electron densities interacting via a modepoese functiori’

In the present work periodic DFT calculations aesrf@grmed to investigate the effect of
coverage on adsorption geometries and energiesyfinogen and benzene on Pd(111), and
also for their coadsorption, using gradient-coedc{PW91) and vdW-DF (optPBE-vdW)
functionals. Surface Gibbs free energies are usemnstruct thermodynamic phase diagram
allowing to predict the most stable catalyst cogeras a function of gas-phase conditions.
The common approach that neglects vibrational dmritons to the surface Gibbs free
energy, and uses the PW91 to optimize the geomaetsidirst compared to the approach that
includes vibrational contributions with the same $Wunctional, and second to the approach
that uses the optPBE-vdW functional, also neglgctinbrational contributions. Since
optPBE-vdW vibrational contributions have not beealculated due to computational

limitations, the thermodynamic phase diagram coesgtd by adding PW91 vibrational

contributions to the vdW-DF results is proposedlitain an estimate of the expected result.
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2.2 Methodology

2.2.1 Electronic energy calculations

Periodic DFT calculations are performed with theeifia Ab initio Simulation Package
(VASPY%% to calculate geometries and electronic energie® & The calculations are
performed with pseudopotentials and plane-waveshsets by using the projector augmented
wave method (PAWS§* ®®with a 400 eV cut-off kinetic energy. The firser Methfessel
Paxton method is applied to describe the partimlupancies close to the Fermi level,
applying a smearing width of 0.3 eV. Brillouin-zoiméegration for surface slab calculations
is done on a 5x5x1 Monkhorst-Pack dfidwhile gas-phase calculations are performed
considering only thd" point. With these settings, the magnetization iokth for the bulk
system using spin-polarized calculations is belewzand the adsorption energy of benzene
is converged within 5 kJ mdl As a result, non-magnetic systems are consideittd the
consequent save in computational cost. The deb&lt functional applied is the non-local
generalized gradient Perdew-Wang PW91 functi8h&f The inclusion of van der Waals
interactions (vdW) has been investigated by periiognthe optimization with the vdW-DF
approach” ®° using the opt-PBE functional implemented in VASPKlimes et aP” "° The
optPBE-vdW functional is used within the vdW-DF epgch because it has shown to provide
with results that are in good agreement with expental data for benzene adsorption on
Pd(111)."* "

The iterative solution of the Kohn-Sham equations tihe electronic minimization is
performed with the quasi-Newton RMM-DIIS algorithrand the molecular geometry is
optimized using the conjugate-gradient algorithmdgeometries far from the minimum. The
electronic iteration is performed until the eneogyvergence criterion of FoeV is satisfied.

The force criterion applied for the geometry retiomis 0.015 eV/ A. These two criteria are
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required to have strictly optimized geometries tha¢ accurate enough to perform the
subsequent frequency analysis reliably.

The unit cell used to (co)adsorb benzene and hydrag repeated in the three directions to
model an infinite surface, and periodic boundarpdittons are applied. In the unit cell, a
vacuum layer of 11 A and an artificial dipole lay@re introduced to avoid interactions
between periodic images. Coverage effects are ateglun two ways; by modifying the size
of the unit cell with a constant number of adsagbabr with the adsorption of an increasing
number of species in the same unit cell. For bemzéme first approach is used and the
different benzene coverages are investigated bgrlig a single benzene molecule on the
(4x4), (3x3), (3x2) and (2x2) unit cells; the sudarea and consequent coverage at each unit
cell are described in the results section. The reeapproach is used to investigate the
adsorption of the smaller hydrogen atoms and, hemcéncreasing number of atoms are
adsorbed on a fixed (2x2) unit cell to model theerage effects,e. (2x2)nH with n from 1

to 8 atoms. A similar approach has also been useddluate the effect of hydrogen coverage
on the coadsorption with benzene. A (3x3) unit elised to adsorb an increasing number of
hydrogen atoms (from 1 to 17) while keeping theZieeie coverage fixed to a single molecule
per unit cell. Furthermore, all unit cells are cas@d of 4 atomic layers to model the
thickness of the slab. This approach has previolidgn shown to give an accurate
description of the Pd surfaé&The two top layers of the unit cell are allowedfutly relax
during the geometry optimization, together with dusorbed species, while the two bottom
layers are fixed to the bulk structure.

Adsorption energies are reported to compare therptisn strength of different adsorption
sites and the trend with coverage. The adsorpti@ngy is calculated as the energy released,
per mole of atomic hydrogen adsorbed or per moleeoizene adsorbed on a clean surface, at

the corresponding coverage, as shown below.
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1 n
AEagsnH = a HEeinH/pda1y) ~ Eelpdaiy ~ > Eel,H 20:) (1)
AE,gsbenzene = (Eel.B/pda11) ~ Eel,pda11) ~ Eel,Boe) )

2.2.2 Thermodynamic calculations

Hydrogenation reactions typically occur at pressuaeove 10 bar and temperatures between
350 K and 600 K For these temperatures, DFT can provide enthakmesentropies of
elementary reactions steps, based on the electerecgies, vibrational frequencies, and
default statistical thermodynamics equations. Tibeational frequencies need to be obtained
from a strictly optimized geometry to avoid spusoumaginary frequencies. In our
calculations, only the vibrational frequenciesta# two top layers are calculated together with
those of the adsorbates, since the geometry ofwhebottom layers of the unit cell is not
optimized. The harmonic oscillator approach (HO)used to numerically calculate the
vibrational frequencies with a step size of 0.015Mcounting for the anharmonicity factor
in the frequency analysis may provide frequendies are closer to experimental observations
as compared to the harmonic oscillator approximdfto” However, the same approach has
been consistently applied to evaluate relative ilgiab and, hence, deviations for not
accounting for the anharmonicity factor are assunted¢ancel out and to have a minor
influence on the results. Even for strictly optzed geometries, the frequency analysis of
coadsorption geometries at high hydrogen coverage lead to spurious imaginary
frequencies, or very low positive frequencies. hose cases, the spurious frequencies are
replaced by a common value that is usually obtaimedjeometries without imaginary
frequencies (25 ci). The effect of the frequency cutoff on the thedymamic phase
diagram has been evaluated by using a higher 8 cm' and comparing the results to

the ones obtained with the 25 ¢rfrequency cutoff. Despite a change in surface &ilbbe
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energy due to the different frequency cutoffs, dhange is more or less similar for both
systems and, hence, the relative stability rem#iessame as illustrated in Appendix A.
Therefore, it is assumed that the frequency cuta#f only a minor influence on the resulting
phase diagrams provided a consistent frequencyffaatosed. The cases in which this has
been performed are listed in Table Al in Appendix A

In the adsorption process, the catalysts surfaceassumed to be in thermodynamic
equilibrium with the surrounding gas phase reseyvand different adsorption sites and
coverage patterns may be preferred depending orcdhditions. The most stable surface
coverage as a function of the gas phase conditiaadeen evaluated with the surface Gibbs
free energyI( in J m?) calculated from the Gibbs free energy, whichudels the contribution
from the vibrational frequencies. The surface Gitobe energy represents the reversible work
required to create a surface from the bulk andatteorbate in gas phd8as defined in the

generalized eq. (3):

Gads(T) - r]PdGbqu(T) - Z N Gm,gasi (T’ P )
[

2TA ®3)

r(T.p)=

With Gygs the Gibbs free energy of the relaxed slab withdbnsidered adsorbate coverages
(ad9, Gpuk the Gibbs free energy per Pd atom of the bulk celit npq is the number of Pd
atoms in the unit cell used for the calculationis the number of molecules adsorbed on the
slab at the corresponding evaluated cover&ggysi is the molar Gibbs free energy of the
gas phase species, aAdis the surface area of the unit cell, which is tiplied by two
because of the two surfaces in the slabs usecipghodic DFT calculations as explained in
detail in the Appendix A.

Four different approaches have been used to cédcalaface Gibbs free energies. The first

one PWI1l-E) assumes that the thermodynamic properties olatairen the vibrational
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frequencies have only a small contribution to tindaxe Gibbs free energy and, therefore, can
be neglected. This follows most, if not all, thema studies in literature that construct
thermodynamic phase diagrams since vibrational yaigal for adsorbed species is
computationally very demanding and not always ghtforward. In this approach, Gibbs free
energies are approximated by the electronic enkeogy the PW91 functional, neglecting all
vibrational contributions and retaining only rotetal and translational contributions for gas
phase molecules; the derivation and a detailecaespion is provided in the Appendix A.

The second approach, iRW91-G includes vibrational contributions for every teimeq. (3)
because entropy contributions to the surface Ghtdesenergies may play an important role in
the thermodynamic phase diagram, particularly fargér molecules such as benzene.
Adsorbates are considered immobilor the whole range of coverages and, therefoiigh<s
free energy contributions from translational anthtional modes are only included for gas
phase species.

The third approach, i.eydW-DF-E,, calculates Gibbs free energies neglecting vibnaii
contributions, as the first approach, but it relsthe vdW-DF method by approximating
Gibbs free energies to the electronic energy obthinith the optPBE-vdW functional. The
fourth and last approaclvdqW-DF-Gowgg) IS a rough approximation to the one that would
include vibrational contributions and calculate #lectronic energy both with the optPBE-
vdW functional ydW-DF-G. Since vibrational contributions to the optPBBAYdjeometries
has not been performed due to computational liroitiat this vdW-DF-Gwe: approach
combines the vibrational contributions obtainedhwiite PW91 functional with the electronic
energies calculated with the optPBE-vdW functioffdle equations and the explanation of
each approach in detail can be found in the AppeAdi

Once surface Gibbs free energies are calculateacit pressure (from 1Bbar to 100 bar)

and for increasing temperatures (from 100 K to ad@00 K), the thermodynamic phase
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diagram is constructed to represent the most stadderbate-surface complex at eathp)
condition, thus the one with the lowest surfacebSifree energy. The lines in this diagram
represent the transition between two coverageschwiare obtained by calculating the
intersection temperature at which the two conseewtoverages have the same surface Gibbs
free energy. Since the computational tools avaslatibw to simulate discrete coverages only,
the areas between the lines are approximated t@sept single coverages. However, Iin
reality a gradual change in coverage may be exgecte

For benzene and hydrogen coadsorption, the berameage has been fixed in the periodic
DFT calculations because varying benzene coverméres the use of very large unit cells,
and this leads to computationally unfeasible caltohs. The thermodynamic phase diagrams
are studied as a function of hydrogen pressuretamgberature. Hence, in principle each
condition (T,py2) requires a different benzene pressure in ordéx tihe benzene coverage at
0s = 0.11. The surface Gibbs free energy for coadsorplepends on both hydrogen and
benzene gas-phase pressures. However, the tran$ii® in the thermodynamic phase
diagram between two consecutive coverages, whiglobtained in the same unit cell and at
the same benzene coverage, is not affected by beqzessure, as it is shown in Figure A2 in
Appendix A. Therefore, the thermodynamic diagram éoadsorption does not include
benzene pressure.

The transition line from clean surface to adsorlimhzene is also included in the
thermodynamic phase diagram. This line is cleadgeshdent on benzene pressure, and it is
obtained as follows: first, for every point in ttransition from benzene adsorbed to the first
thermodynamic most stable coadsorbed system, gmsyres of benzene required to obtain
the fixed benzene coverage at a given temperatuténgdrogen pressure are calculated using
a simple Langmuir model for coadsorption, as shomore into detail in the Appendix A,

with the adsorption equilibrium coefficients obtihfrom the DFT calculations with the
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corresponding functional. Assuming that for a givgarogen pressure the obtained benzene
pressures remains constant with increasing tempestthe same Langmuir model is then

used to find the temperatures at which the benzenerage decreases to a coverage low
enough to represent the transition from the cleafase to the benzene covered surface (see

all the values in Table A2 in the Appendix A).

2.3 Results

2.3.1 Hydrogen adsorption as a function of coverage

2.3.1l.a Adsorption geometries and energies

The monolayer of hydrogen on Pd(111) is reportedrtmunt to 1.47 18 hydrogen atoms
per nf of Pd® % ® equal to the number of Pd surface atoms per l&.Hydrogen coverage
0y is expressed as the number of hydrogen atomsgsuface atomse. a fraction of the
monolayer coverage. The adsorption of hydrogervaduated fromdy = 0.25 to 2 with the
adsorption of 1 to 8 hydrogen atoms on a (2x2) gelt. Hydrogen adsorbs on several
adsorption sites on Pd(111) (see Figure 2-1), atisdration of hydrogen on each of these
sites only has been first evaluated up to the nay®ol coverage,e. 6y =1; the adsorption
energies as a function of coverage are reporteflainle A3 in Appendix A. The results
obtained with the PW91 functional indicate that ti@low fcc is the most stable site, in

10.7981and closely followed by the hollow hcp site byB k

agreement with previous studf®
mol ™. The effect of coverage on the adsorption enefgii@most stable hollow site is small
up to6y = 1, for which a decrease of 6 kJ mah adsorption energies is obtained frém=

0.25 to 1,i.e. -54 and —48 kJ molrespectively. This indicates weak H-H lateral fsjmns,
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which is in line with theoretical studies that haaleo reported a decrease in energies from

about =50 kJ mdito about —40 kJ mdi> &8

b
fcc

‘ tetrasub31 A

tetrasub13’

v t:P v
S L Iy
v,
L/ v

octasub

Figure 2-1: Top view of the four surface (white) ad three subsurface (grey)
adsorption sites investigated for hydrogen on Pd(11). The tetrasubl3 site is
shown with dotted borderline to indicate that it lies below a surface Pd atom.

Next, higher hydrogen coverages between 1B<< 2 are investigated by exploring
combinations of different adsorption sites on thdace and/or subsurface, and the adsorption
energies are reported in Table A4 in Appendix AurFdifferent cases have been investigated;
first the successive addition of surface hydrogereach coverages between 028, surface<

1 on a H-covered surface with (i) surface hydro@ga.tace= 1 or (i) subsurface hydrogen
Ou subsurface= 1. Secondly, the successive addition of subserfgarogen to reach coverages
between 0.25 0y subsurfaces 1 0N @ H-covered surface with (iii) surface hy@ogy surface= 1

or (iv) with subsurface hydroge®y supsurtace= 1. The results indicate that at such high
coverages the systems with surface-only or subsexdaly atoms are less favourable than the
combination of surface with subsurface sites dugety strong repulsive interactions. The
most stable combination is 0.250y subsurface< 1 hydrogen atoms at tetrasub13 subsurface
sites on a surface covered with a monolayer ofaserhydrogen atom®(surrace= 1) at the
fcc sites . These results are in excellent agreemith a similar study by Chizallet et &f,
and also agree with the results from Kovalinka SnHoltert®, who reported the desorption of
subsurface hydrogen atoms by TPD only after putssdihg of coverages above the

monolayer.
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Compared to the PW91, the optPBE-vdW functionalultesin ~10 kJ mot weaker
adsorption at each hydrogen coverage studied (abke A3 and A4 in Appendix A). This
may be explained with a larger stabilization of ¢jfas phase Hmolecule with optPBE-vdW,
since a smaller H-H gas-phase bond length is pestl{@45 pm) as compared to one obtained
with the PW91 functional (752 pm), which is closerthe experimental value of 741 jfn.
Both shorter gas phase H-H bond length and weatteorption with the optPBE-vdW

functional have already been reported by Puistd.®¥ton Ru(0001).

2.3.1.b Thermodynamic phase diagram

The electronic energies calculated at 0 K are wmgful to predict the preferred sites and
adsorption energies as a function of coverage. Mewydnydrogenation reactions proceed at
much higher temperatures and hydrogen pressuregshwtan change the adsorption
preference for hydrogen. Therefore, surface Gilbbs énergies are used to predict the most
stable coverage on the catalyst, as a functiomefhtydrogen pressure and temperature, by
constructing the thermodynamic phase diagrams tdpin Figure 2-2. The diagram
represents the coverages with the lowest surfabbsGiree energies as a function of the
conditions. These are obtained for the adsorptibrhymlrogen up toby = 2 with the
combination of surface hollow fcc for € 0y sutace< 1 coverages and further addition of
subsurface hydrogen between 128 supsurfac< 2 at tetrasubl13 subsurface sites. Previous
work from Chizallet et al° has already evaluated the thermodynamic phaseadingf
hydrogen adsorption on Pd(111) with the commonkduapproach that neglects vibrational
contributions to the surface Gibbs free energy, ttee PW91-E, approach. Excellent
agreement is obtained for tfV91-E, approach compared to Chizallet et%{see Figure
2-2a). In this work, we have extended the latterelbgluating three more approaches to

calculate Gibbs surface free energies, as explaméae methodology section: tiN91-G
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approach calculates surface Gibbs free energy dimgufor vibrational contributions in
adsorbate, bulk and gas phase species (see Fiqine ZhevdW-DF-E, neglects vibrational
contributions and uses the electronic energiesulzbd with the optPBE-vdW functional
(see Figure 2-2c). Finally, thedW-DF-Gwg; approximation is evaluated by adding PW91
vibrational contributions to the optPBE-vdW eledim energies (see Figure 2-2d), since
optPBE-vdW vibrational contributions have not beealculated due to computational
limitations.

The comparison betweePW91-E, and PW91-G shown in Figure 2-2a and Figure 2-2b,
indicates that including vibrational contributio(BW91-G does not change the general
picture obtained withPW91-E,. In line with the results from Chizallet et '8). both
approaches prediét; =1 hydrogen coverage over a broad range of comditivhich include
the typical hydrogenation conditions (350K T < 550 K and 1 barK py2 < 100 bar).
However, some differences between the two are @bserved in Figure 2-2. FirddW91-G
predicts that hydrogen coverages betipw< 1 populate the surface up to higher temperatures
for a given hydrogen pressure, as compardeM®1-E,. Furthermore, coverages abde>

1 are less favoured iIRW91-Gover PW91-E, at the same conditions, particularly iy =
1.75 as depicted in Figure 2-2.

To understand the difference between the two appes the surface Gibbs free enerfyi¢
investigated and illustrated in Figure 2-3 for a@ltogen pressure ofyp= 1 bar, together with
its constituent enthalpyl’') and entropy I(s) terms,i.e. I'=['y + I's as explained in the
Appendix A. The difference in the enthalpy termwn the two approaches is small
because both use the same PW91 functional to etdcalectronic energies, and only small
enthalpy contributions are calculated from the affonal frequencies. On the other hand, the
entropy term I(g) is very different between the two, as shown ia tight panels of Figure

2-3, hence the variation from one approach to therds attributed to this term. Fég > 1,
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PW91-Gcalculates a positive entropy term including vilanaal contributions, meaning that
the increase in entropy with temperature in theodmsl complex does not compensate the
increase in entropy of bulk and gas phase spaaes;TS4s> —TSuk — TSasas explained in
the Appendix A. Foby < 1, howeverPW91-Gcalculates a negative entropy term that leads
to the decrease in the surface Gibbs free energy,h@nce increases the stability of the
adsorbate. On the other hafiV91-E, predicts a positive entropy term for every coverag
with temperature (see right panel in Figure 2-3aa$suming that the vibrational contribution
of adsorbate is the same as bulk and gas phasatioial contributions. Furthermore, the
change from negative values for the entropy terrPWi91-Gfor coveragedy < 0.75, to
positive values for coverag®s > 0.75 may also be understood from the adsormdropy
loss, which at 800 K igS.4s< —60 J mot K™ for hydrogen coverages < 0.75, compared to
the values that exceed —64 J th&l™ for coverage$y = 1. The agreement betweBiV91-G
and PW9l-E, at typical hydrogenation conditions for hydrogedsaption does not
necessarily need to be observed for other adscrlatecatalysts, therefore, inclusion of
vibrational contributions in the Gibbs free energyecommended.

The PW91-E, and vdW-DF-E,, shown respectively in Figure 2-2a and Figure 2iuth
neglect vibrational contributions and use the itssabtained with the PW91 and optPBE-
vdW functionals respectively. The weaker hydrogdaoaption predicted with the optPBE-
vdW functional leads to a higher enthalpy (eledtpterm at every coverage as compared to
the PW91-E, approach (see Figure A3 in Appendix A). Thereforiee optPBE-vdW
functional predicts that each hydrogen coverageuladgs the surface up to lower
temperatures as compared to the PW91. This hagad#fect particularly on the presence of
subsurface hydrogerf{ > 1), which was already more weakly absorbed tharface
hydrogen with the PW9L1 functional. As a result, @ages aboveéy = 1 are not expected

from the thermodynamic phase diagram with tlBV-DF-E, approach, while they are
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observed with thdPW91-E, between 90 K and 200 K.The vibrational frequencreshe
geometries optimized with the optPBE-vdW functioma@ve not been calculated due to
computational constraints. However, a rough pictfréhe expected result of optPBE-vdW
vibrational contributions added to the optPBE-vdWectonic energy \dW-DF-QG is
proposed by adding the vibrational contributionsaoted with the PW91 functional to the
electronic energies calculated with the optPBE-vidvittional, i.e vdW-DF-Gwgi approach.
This is illustrated in Figure 2-2d, and indicatéstt coverages between 504 < 1 are
expected to populate the surface at typical hydragen conditions, lower than the ones
predicted in the previous approaches.

A previous experimental study reported hydrogerecages oy = 3.7 10°, 0.4 and 0.9 at
350 K, 300 K and 250 K, for hydrogen pressures 6f°1bar by molecular-beam
investigations on Pd(11%. This is consistent with what it is observed in Ufig 2-2,
particularly in the diagram obtained wiW91-G Figure 2-2b). Furthermore, temperature-
programmed-desorption experiments (TPD) detectedesorption peak at ~310 K for
pressures of I bar®® Although Figure 2-2 does not show pressures bdlew, the line
indicating the transition from the clean surfa8g € 0) to the H-covered surface with =
0.25 is predicted at a similar temperature as tieeexperimentally observed. Konvalinka and
Scholterl® observed two major TPD desorption peaksat=p3 10° bar when exposing the
surface above monolayer coverage. The peak withrmam at T = 407 K was attributed to
desorption of surface hydrogen atoms, and this Ibeayompared to the temperatures at which
the transitionfy = 0.75/04 = 1 is predicted byPW91-G and vdW-DF-E,. The second
experimental peak, with maximum at 293%yas always absent for coverages< 1 and it

is attributed to desorption of subsurface hydrog8uobsurface hydrogen has also been
reported at temperatures of 170 K for pressurek0dtbar °, however, for these conditions

the different approaches we have considered predigrages diy = 1.
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Figure 2-2. Thermodynamic phase diagram of hydrogenadsorption on
Pd(111) as a function of temperature (K) and hydrogn pressure (bar) for
standard pressure ofp® = 1 bar. (a) PW91-E4 diagram, which neglects
vibrational contributions and uses the PW91 functioal. (b) PW9l-G

diagram, which includes vibrational contributions and uses the PW91l
functional. (c) vdW-DF-Eg diagram, which neglects vibrational contributions
and uses the optPBE vdW-DF functionaf® ®° (d) vdW-DF-Gpwe; diagram,

which is an approximation obtained by combining theresults from (b) and

(c). Hydrogen adsorbs on surface fcc sites for coages between 0 95 <1

and on tetrasubl13subsurface hydrogen for 1 <8y < 2. Typical hydrogenation
conditions are shown with a rectangle.
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Figure 2-3: Surface Gibbs free energies (J #) as a function of temperature (K) atpu. = 1 bar for hydrogen adsorption on a
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using the (a)PW9l-E4 and (b) PW91-G approaches. Left panels show the surface Gibbs &eenergy (), and this term is
broken into the enthalpy [Cy) and entropy (I's) terms in middle and right panels. These are in tn calculated from the
values for the adsorbed complex minus bulk and ggshase species.
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2.3.2 Benzene adsorption as a function of coverage

2.3.2.a Adsorption geometries and energies

Benzene adsorbs with the aromatic ring parallehto (111) surface up to saturation of the
surface?® 20:27:30.38. 86 o \with a flat geometry, and increasing the conceiotnaof benzene
can force the molecule to tilt ovef>! As illustrated in Figure 2-4, flat adsorption afrizene
has been evaluated at eight high-symmetry siteh®idx4) and (3x3) unit cells of Pd(111)
(see Figure 2-5) with the adsorption energies diste Table 2-1, and the geometrical
parameters in Table A5 and A6. The coverage ohglesibenzene molecule on the (4x4) and
(3x3) unit cells corresponds iz = 6.25 1 and g = 0.11, with coverage expressed as
number of benzene molecules per Pd surface atotthese coverages, the bridge(30) is the
most stable adsorbate followed by the hollow-hcpgg, in agreement with previous
theoretical studies® 22 From temperature programmed desorption spectr®)TPysoe et
al® estimated a benzene adsorption energy of —130 -&% kJ mof at coverages
corresponding t6g = 5 10° and 9 10 resp. These values may be related to the oneswe h
obtained ag = 6.25 1 and 0.11 coverages respectively for the bridgeé®) hollow-
hcp(0) sites (see Table 2-1).

Higher benzene coverages have been evaluatedheitidisorption of a single molecule in the
(3%x2) and (2x2) unit cells of Pd(111), see Figu® vhich correspond to benzene coverages
of 6g = 0.17 and 0.25. Abs = 0.17, both hollow-hcp(0) and bridge(30) adsabatield a
similar adsorption energy of —26 kJ fdisee Table 2-1). Az =0.25, however, both flat
adsorbates are unstable, thus we propose the tiatucaverage abs ~ 0.17,i.e. 2.4 13°
molecule per rhand similar to the 2.3 1®molecule per rhexperimentally reported on

Pt(111) at 300 ¥’ The difference in adsorption energy between tligge(30) and hollow-
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hcp(0) decreases from the loweg € 6.25 10) to the saturation coverag@s(= 0.17). This
agrees with the azimuthal re-orientation of benZem® a bridge(30) site to a hollow(0) site
at saturation coverage on Ni(11%)and also with the hollow adsorbate proposed &misorb
with CO on a Pd(111)-(3x3)«B8+2CO overlayer structur&. At the highest coverage of
benzene evaluated & = 0.25, at which the flat geometry is found to dmestable, the
adsorption of benzene with a tilted “hollow” geomyeyields an exothermic adsorption
energy of —12.2 kJ mdl The benzene molecular plane forms an angle ofdddfive to the
surface Pd atoms, larger than the value of ~308rteg) by Hoffmann et &f Tilted benzene

on Pd(111) has been observed at coverages of 8pau0.22>° and desorption from these

sites has been reported at temperatures from 15@a<280 K3 &°

30°

0
- ® ®X
Bridge 'A(,i’)

Hollow-hcp ‘(‘é‘.’h
Hollow-fcc ‘é’;})‘
(O

d

Figure 2-4: Evaluated flat adsorption sites of bereme on Pd(111).
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Pd(4x4) Pd(3x3) Pd(3x2) Pd(2x2)
05=6.25102 0,=0.11 0= 0.17 Bg=0.25 «

4

Figure 2-5: Front view of the unit cells used to esluate the adsorption of
benzene at increasing coverages (top) and surfaceeolayers (bottom). For0g
= 0.25 both flat and tilted geometries are shown.

An increase in adsorption energy of about ~50 ki'rimobtained for all adsorbates below a
coverage obg < 0.11 using the optPBE-vdW functional, as showiTable 2-1 with values
between brackets. Az = 0.25, the increase in adsorption energy withwtid/-DF cannot
compensate the large repulsive interaction betvileaemeighboring molecules, and similarly
to the PW91 functional the adsorption of flat attsdes is endothermic. Therefore, the same
0s = 0.17 saturation coverage is proposed as witP¥@1 functional. Abg = 0.17, a ~10 kJ
mol™ stronger adsorption energy is calculated for tHdge(30) compared to the hollow-
hcp(0) site, while they are equally stable with R&91 functional. ABg > 0.25 the largest
increase in adsorption energies by some ~64 kJ* imotalculatedor the tilted adsorbate.
Despite large differences in adsorption energi¢éwédxn both functionals, the use of the vdW-
DF functional has only a small effect on adsorptimometries, as previously reporfed?®

and the largest change amounts to ~0.03 A for tHed®ond length.
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Table 2-1: Adsorption energies (kJ mot) of benzene on Pd(111) at different sites and coeges. The surface area and
coverage, in molecules per fmand per Pd surface atom, are shown for each of theoverages. The adsorption energies

calculated with the vdW-DF functiona

|57, 91

are shown between brackets. Estimated values by3oe et a

0z = 5 10% and 9 10° from TPD experiments on Pd(111) are also shown.

13 at coverages of

Unit cells

(4%4) (3%3) (3%2) (2%2)
Surface area (fn 1.09 10" 6.10 10'° 4.07 10*° 2.71 10"
Coverage in moleculesfm 9.22 10’ 1.64 106° 2.46 168 3.69 18°
Coverage in moleculeS/fyurtace 6.25 10 0.11 0.17 0.25
Adsorption site AE 545 (kd/mol)
bridge(0) —92.1(-141.8) —80.7 (-134.4) - -
bridge(30) -124.4 (-172.4) -115.2 (-164.6) -269(©Q) (not converged)
hollow-hcp(0) ~110.8 (-160.8) —99.8 (-151.3) —2681.0) 96.1 (28.7)
hollow-fcc(0) ~106.7 (-155.3) —93.7 (-147.9) - -
hollow-hcp(30) —98.6 (-149.0) —88.4 (-142.1) - -
hollow-fcc(30) —91.0 (-140.7)  —83.8 (-136.9) - -
top(0) —48.0 (-79.4)  -45.2 (-92.1) - -
top(30) -16.7 (-82.1)  —20.2 (-86.9) - -
tilted adsorbate - - 305.9 -12.2 (-76.2)
exp. (TPD experimentg'f -130.0° -95.0° - -

@ Adsorption energy d = 5 10%, in molecules/pysurface

® Adsorption energy d = 9 10% in molecules/pysurfac
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2.3.2.b Thermodynamic phase diagram

The most stable adsorption coverage of benzened¢hlP) is evaluated as a function of
temperature and pressure. Only the results obtaioedhe hollow-hcp(0) adsorbate are
shown in this section because this is more stablenwoadsorbed with hydrogen compared
to the bridge adsorbate, as will be discussed ennéxt section. In addition, selection of
hollow-hcp(0) adsorption sites is made on accodintsohigher hydrogenation reactivity on
Pd(111), as already observed on Pt(141&nd confirmed by preliminary calculations on
Pd(111). In any case, small relative changes asergbd compared to the results obtained for
the bridge(30) site, and a similar picture and agions are obtained with both adsorbates, as
shown in Figure A4 in Appendix A. In line with thesults shown for the adsorption of
hydrogen on Pd(111), four approaches have beentassahstruct the thermodynamic phase
diagram. From top to bottom, Figure 2-6 shows tiagrms forPW91l-E;, PW91-G, vdW-
DF-Eg, and finallyvdW-DF-Gowog.

The thermodynamic diagrams obtained with BA&91-E, and PW91-Gapproaches yield a
similar picture but have several important differes (see Figure 2a6and Figure 2-6).
Using both approaches, thg = 0.11 coverage encompasses a broad range oftiomsdiand
the benzene coverages & = 0.17 and 0.25 are not expected at any conditior.
temperatures and benzene pressures at which hydioge reactions are performepk > 1
bar and 356 T < 550 K), PW91-Gpredicts coverages 6 = 0.11 on the Pd(111) surface.
However, at the same conditioR8V91-E; also predicts that th@és = 6.25 10° coverage and
the clean surface are expected depending on thditioors. To understand these differences,
the surface Gibbs free energy has been evaluagggd=al bar, and it is broken down into its
constituent enthalpy and entropy terms, as showfigare 2-7. Similarly as for hydrogen

adsorption, the enthalpy terify has only a small contribution to the surface Gille®
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energy, as compared to the large differences obdanvthe entropy terfis. The neglect of
vibrational contributions witlPW91-E, results in positive entropy terms, which decredlses
stability of the adsorbate because it increaseaciGibbs free energies. Furthermore, with
PW91-Gthe difference in entropy term between the clearfiase andg = 6.25 1, and
between the latter arfi = 0.11 is smaller than the difference WiRhV91-E,. Therefore, the
decrease in surface Gibbs free energies contribfitton a negative entropy term wig\W91-

G for 65 = 6.25 10° compared to the clean surface, andéfp= 0.11 compared t8s = 6.25
102 is larger including vibrational contributions. Shieads to thés = 0.11 and 6.25 1D
benzene coverage to populate the surface up t@htgimperatures, for a given pressure, as
compared t®W91-E,.

Large differences are observed betweerPW®1-E, andvdW-DF-E, diagramsFigure 2-6a
and Figure 2-6¢, which have been constructed byeontgg vibrational contributions and
using the PW91 and vdW-DF functionals respectiveiwdW-DF-E,, a larger stabilization
of every coverage relative to the stability of tHean surface is observed. This is explained
with the ~50 kJ mét stronger vdW-DF adsorption energies that are &atied compared to
the PW91 values, and is also understood from thmpaoison of the electronic energy
contribution shown in Figure A5 in Appendix A. Rerkably, the coverage dig = 0.25
(tilted geometry) populates the surface above K% ps=10"° bar and below ~ 200 K at
ps=100 bar. This range agrees with the temperatuedween 150 and 280 K at which
desorption of tilted adsorbates has been experatigreported®® 3 8 Similarly to the
approach that includes vibrational contributiolBWO1-Q, vdW-DF-E, predicts that
coverages of benzene 6t = 0.11 are the most stable in the whole rangeypical
hydrogenation conditions.

More accurate results can be obtained if vibratiopatributions are calculated for the vdW-

DF geometries. However, as already mentioned hdmsnot been performed due to
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Figure 2-6: Thermodynamic phase diagram of benzenedsorption on
Pd(111) as a function of temperature (K) and benzenpressure (bar) for
standard pressure ofp® = 1 bar with the (a) PW91-Eq4 approach, which
neglects vibrational contributions and uses the PWB functional, the (b)
PWO91-G approach, which includes vibrational contributions with the PW91

functional,

the (c) vdW-DF-Eq approach, which neglects vibrational

contributions and uses the optPBE vdW-DF functionaf® ® and the (d)vdw-
DF-Gpwo1, Which is obtained combining the results fromPW91-G and vdW-
DF-Eg4. Typical hydrogenation conditions are shown with aectangle.
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computational constraints. The addition of the PW#tational contributions to the vdW-DF
results ydW-DF-Gowog) may, however, provide with a rough picture of thepected results
(see Figure 2-6d). Good agreement is observedérdaported TPD desorption temperatures
of 380 K and 520 K at low pressures (p 10'° bar) for the flat-lying benzen®. Although
the0g = 0.25 coverage spans over a broader range oftmorgdthan in previous approaches,
the 6g = 0.11 coverage is still preferred at hydrogematemnditions. This coverage is
considered in the next section to evaluate the swration of a fixed benzene coverage with

increasing hydrogen.
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Figure 2-7: Surface Gibbs free energies (J 1) as a function of temperature
(K) at pg = 1 bar for the adsorption of benzene on the cleasurface (black
line) and benzene coverages 6§ = 6.25 17 (red) and 0z = 0.11 (green) using
the (a) PW91-E4 and (b) PW91-G approaches. Left panels show the surface
Gibbs free energyI', and this term is broken into the enthalpy ['y) and
entropy (I's) terms. These are in turn calculated as the valuefor the
adsorbed complex, minus the ones for bulk and gashpse species. The
enthalpy and entropy terms in PW91-G include vibrational contributions,
and rotational and translational modes only for gagphase species. The terms
in PW91-E4 includes only the rotational and translations conbutions in gas
phase.
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2.3.3 Benzene and hydrogen coadsorption as a function diydrogen

coverage

Hydrogenation reactions are usually performed gh iydrogen pressuregp> 1 bar), and
the adsorption patterns may differ from the commatudied adsorption at low coverages.
Therefore, periodic DFT calculations have been usezl/aluate the coadsorption of benzene
with increasing hydrogen coverages. The optimiratid the coadsorption geometries is
computationally much more demanding than thatifugle species at low coverage. Benzene-
hydrogen and hydrogen-hydrogen interactions ateasing coverage can also induce
geometry convergence problems. In addition, hydrog®ms can be adsorbed on multiple
sites, and we have shown that the (3x3) unit @l @ccommodate up to 18 hydrogen atoms
from the results obtained for the single adsorptbihydrogen species. This leads to a very
large number of possible combinations, which is pgotationally challenging particularly for
the highest hydrogen coverages. Although severaingts were made to consider all possible
combination of sites at each coverage, some otireabmation of sites leading to more stable

energies cannot be discarded.

2.3.3.a Adsorption geometries and energies

To study the coadsorption of benzene and hydragpencoverage of benzene has been fixed
to a single molecule in a ¥3) unit cell at the hollow-hcp(0) site, which capends to a
benzene coverage 6 = 0.11. Coverages of hydrogen between &8} < 1.89 coadsorbed
with benzene are studied by sequentially addingnfioto 17 hydrogen atoms in ax@ unit
cell. For coadsorption of benzene with hydrogenecages abovey = 0.33, benzene is less

stable at bridge(30) sites than at hollow-hcp(@®ssisee Table A7 in Appendix A. This is
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explained from the larger repulsive interactionstfe four-fold bridge(30) site than for the
three-fold hollow-hcp(0) site. Therefore, only tiesults for the hollow-hcp(0) are shown.

The coadsorption of benzene with hydrogen coveragds saturation has been evaluated by
studying combinations of benzene with the mostlsthipdrogen sites; for hydrogen adsorbed
on the surface, atoms on fcc and hcp sites haven lealuated, while for benzene
coadsorption with subsurface hydrogen, combinatioofs the three most stable,
octasubsurface, tetrasubl3, and tetrasub3l, siée® Ibeen studied. The values and
geometries that are shown correspond to the madilestones, and a more detailed
explanation is given in the Appendix B. As for th@sorption of hydrogen only on Pd(111),
the results for the coadsorption indicate that bgdn atoms occupy surface hollow sites up
to 6y = 0.89, as illustrated in Figure 2-8. Up to thawerage, the absorption of hydrogen in
subsurface sites compared to surface sites lead8@okJ mol less stable systems per
hydrogen atom in the €3) unit cell. The most stable hydrogen site8.at 0.11, 0.22, 0.33,
0.44 and 0.55-0.89 coverages are respectively: 1#80%60% fcc + 50% hcp, 66% fcc +
33% hcp, 75% fcc + 25% hcp and 100% fcc sites Fsgere 2-8). For hydrogen coverages
aboveb6y = 0.89, additional hydrogen atoms preferentialbgab at subsurface sites rather
than at surface sites, as illustrated in Figure. =& the coadsorption of benzene with
hydrogen in the range of coverages between 0.89<1.33, every combination of benzene
with 6y = 0.89 surface fcc hydrogen and with 08 supsurface< 0.44 subsurface hydrogen,
on octasubsurface, tetrasubl3, and/or tetrasuli®8% bas been evaluated. For coverages
above 6y > 1.33, only the combinations that were considaede preferred have been
evaluated, following the results obtained for hyno adsorption, and for coadsorption of
benzene and hydrogen at lower coverages. Otherinatidns were evaluated for some, but
not all, coverages. A more detailed explanationtmafound in Appendix B. The competition

of benzene and hydrogen for the same surfaceesif@ains why in the case of coadsorption
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subsurface sites start being occupied altpve 0.89, rather than from the saturation coverage
of Oy = 1 calculated for the adsorption of hydrogen amyPd(111). At coverag® = 1, the
most stable combination 84 suface = 0.89 fcc hydrogen withOy subsurface = 0.11 of
octasubsurface (8fcc + loctasub on the3j3unit cell, as shown in Figure 2-8), andat=
1.11 a combination 00y surface = 0.89 fcc hydrogen with octasubsurfadg € 0.11) and
tetrasubsurfacl3 hydrogeby(= 0.11) is the most favourable case. Finally, ¥d2 < 6y <
1.89 hydrogen coverages the most stable combingitme0y suriace= 0.89 surface fcc with
0.33< 64 < 1 tetrasubl3ubsurface sites, as shown in the bottom row pamé&lgure 2-8.

The adsorption energy of hydrogen ord@a= 0.11 benzene-covered slab decreases with
hydrogen coverage, as illustrated in the top pahdFigure 2-9. The adsorption with the
optPBE-vdW functional (grey line in Figure 2-9) &bout 10 kJ mdl weaker at each
coverage than that obtained with the PW91 functi¢fod black). This agrees with the results
previously shown for hydrogen adsorption, and wgsdagned with a larger stabilization of
the gas phase hydrogen molecule with optPBE-vdWclwlowers the adsorption energy.
Furthermore, the stronger adsorption calculatedhjoirogen on a clean surface (black dotted
line) than on a benzene-covered surface (full hlabbth with the PW91 functional, is
explained with a rather constant ~10 kJ Miokteraction energy. Mirodatos et *alalready
observed small difference in adsorption enthalpy Hgdrogen adsorption on a clean or
benzene-covered Ni surface. Furthermore, the hgdregisorption enthalpy of =35 kJ bl

on Pd/SiQ estimated by Aben et i, by fitting a kinetic model to experimental beneen
hydrogenation data, can be compared to the valeelsawve obtained for coverages abéye
>1 (PW91) or between 0.44 64 < 0.89 (optPBE-vdW) on a benzene covered surfaca. In
similar way, Chou and Vanniteobtained low adsorption enthalpies of about —énkl, * at
413 K, i = 6.67 1 bar and p, = 0.9 bar, which were attributed to weakly bougdrogen

atoms and can be related to our values at highragee
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Fixed Ogqyens 0.11

0 -0 6,=0.11 0,=0.22 0,=0.33 0,=0.44 6,=0.56
Hydrogen fec site fcc+hep 2fcc+hep 3fcc+1lhep 5fce
0, =0.67 0,=0.78 0, =0.89 6,=1 0,=1.11 0,=1.22
6fcc 7fce 8fcc 8fcc+octasub 8fcc+octasub +tetrasub13 8fcc+3tetrasub13
Octasubsurface Octasubsurface
0,=1.33 0, =1.44 0,=1.56 0, =1.67 0,=1.78 0,=1.89
8fcc+4tetrasubl3 8fcc+5tetrasubl13 8fcc+6tetrasubl3 8fcc+7tetrasub13 8fcc+8tetrasubl3 8fcc+9tetrasub13

Figure 2-8: Top view of the unit cell with a fixeddg = 0.11 benzene coverage at hollow-hcp(0) sitesadsorbed with the most
stable hydrogen obtained at increasing coverage,dm 05 = 0.11 to 1.89, from left to right and top to botbm. White circles
with dotted lines represent tetrasub13 hydrogen atms, which are situated below surface Pd atoms.
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For the adsorption of benzene on a hydrogen-cov&®d@d11l), a decrease in benzene
adsorption energy is also obtained with increasipdrogen coverage (see bottom panel of
Figure 2-9). The decrease is more pronounced tharthk adsorption of hydrogen on a
benzene-covered surface, indicating a larger diigtgtion effect on the aromatic molecule.
The decrease in benzene adsorption energy is simiidh both PW91 and vdW-DF
functionals (black and grey lines respectively igufe 2-9), but a ~50 kJ miblstronger
adsorption energy is calculated using the vdW-DFEho similar to the results for benzene
adsorption on a clean surface. The geometry ofdrenis also affected by the increase in H-
coverage, as shown in Figure 2-10 for six examplesveen 0.11< 64 < 1.89. These
geometries do not substantially change using th&-iaF method compared to the PW91
functional, and the largest change is computedhi®rC-Pd bonds that increase with less than
0.03 A with the optPBE-vdW. Similar geometries fmnzene at different transition metals
have already been reported using the two functbhal and hence, the values discussed
below correspond only to the PW91 functional.

Benzene remains adsorbed parallel to the surfaga@f11) below benzene coverage®,pf

< 0.67 (see Figure 2-10). A strong decrease in atlsor energy is observed for benzene
adsorption on &y = 0.55 H-covered surface, compared to the valués, & 0.44. This is
explained with the increase in repulsive interaibetween both species, which lead to the
breaking of Pd-C bonds at one side of the aronmatgcand tilts the molecule by 2velative

to the surface (see Figure 2-10). The distance dmiwthe benzene molecule and the Pd
surface increases from ~220 pm at the lowest cgeeta 226 pm aby = 0.56, which is in
line to the 225 + 5 pm distance measured by Otearil*® by LEED on Pd(111)-(83)-
CgHet+2CO. The further addition of hydrogen fég > 0.78 leads to the breaking of the
remaining bonds, lifting the whole molecule to gfikorbed geometry that remains up to the

highestdy = 1.89 hydrogen coverage studied. The physisogeeanetry was also evaluated
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for 0.56< 64 < 0.78, however, at these coverages the chemd@disorbate is more stable by
20 to 50 kJ mat. For hydrogen coveradl > 1 small changes are observed in the benzene-
surface distance, and values of about ~380 pm htaeined (see Figure 2-10). In the
physisorbed benzene molecule the C—C bond dista@eS—H and C-C-C bond angles
remain constant up to the highest coverage, arskthee also similar to the gas-phase values
of 140 pm, 120° and 120° resp. (all bond lengthaargles are listed in Table A8 in Appendix
A). From hydrogen coverages &f = 0.67 up to 1.89 a rather constant benzene ditsorp
energy is obtained, and these energies indicat&@ kJ mol* lower adsorption energy than
those calculated for benzene adsorption 6p a 0.44 H-covered surface. The reason for the
constant values is the large distance between gtnysd benzene and the surface, which
leads to a constant repulsive interaction betweemzdéne and particularly the subsurface
atoms, in line with previous studies on Pd(ZB@nd Ni(111)** Chou and Vannic® reported
benzene adsorption enthalpies of -58 - —70 kJ™'nipl fitting a kinetic model to
hydrogenation experiments. These correspond tedhees on a H-covered surface with 0.33
< Oy < 0.56 (PW91), or with higher hydrogen coveragesva 6y = 0.67 for the optPBE-

vdWw.
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Figure 2-9: (a) Adsorption energy of hydrogen (kJ mly™) on a6g = 0.11
benzene-covered surface obtained with the PW91 (fublack line), with the
vdW-DF optPBE functionals (grey line), and for adsegption on a clean
surface with the PW91 functional (dotted black ling. (b) Adsorption energy
of benzene on a H-covered surface with the PW91 éuk line) and vdW-DF
functional (grey line).
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6z = 0.11 0 = 0.11 6g = 0.11
0, = 0.11 (fcc) 6y = 0.44 (fcc+hcp) 8y = 0.67 (fcc)

_ 6; = 0.11 0g = 0.11
6, = 0.78 (fcc 6, = 1.22 6, = 1.89
" ( ) eH,surface = 0.89 (fCC) eH,surface = 0.89 (fCC)
BH,subsu,face = 0.33 (tetrasub13) eI-l,suhsurface = 1 (tetrasub13)
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Figure 2-10: Side view of the adsorption geometryfofg = 0.11 benzene
coadsorbed with increasing coverages of hydrogen.h& distances between
the benzene centre of mass and the top Pd surfa@gyér, and between the top
surface and the subsurface layer are indicated inipometer. Due to the
projection, no all hydrogen atoms are shown.

2.3.3.b Thermodynamic phase diagram

The thermodynamic most stable coverage of the ytatadurface has been evaluated as a
function of pressure and temperature based oncauf@dbbs free energies. These have been
calculated for the coadsorption geometries illdsttain Figure 2-8 using the same four
approaches as for the adsorption of benzene anddmsal.

For coadsorption, benzene is considered to adsdgbom hollow-hcp(0) sites and at a fixed
coverage obg = 0.11. As explained in the methodology sectiod #énstrated in Figure A2

in Appendix A, the evaluation of the most stablérmgen coverages coadsorbed with a fixed

benzene coverage is not dependent on benzene r@es$he transition line between clean
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surface and adsorbed benzene, however, does depdrehzene pressure. Calculation of this
line, which is discussed in detail in Appendix Ayolves obtaining the benzene pressures that
are required to have a fixed benzene coveragecatrtain hydrogen pressure, by using a
Langmuir model for coadsorption. The line is shaweach panel of Figure 2-11 with a blue
dotted line. It is observed that the transitiaonirclean to benzene covered surface occurs at
higher temperatures using the equilibrium coeffitsefrom PW91 (Figure 2-11a and Figure
2-11b) than from the vdW-DF method (Figure 2-11kl &mgure 2-11d). The reason is that
using the optPBE-vdW functional the adsorption @htene is enhanced while the adsorption
of hydrogen is hindered as compared to the PWQlltsesT herefore, the benzene pressures
required to fix the benzene coverag®gat 0.11 from the Langmuir model are lowenuaiV-
DF-Eq..

The comparison betwedhW91-E, andPW91-G(see Figure 2-11a and Figure 2-11b) follows
the results obtained for the adsorption of hydroged benzene. The inclusion of Gibbs free
energy vibrational contributions iIRW91-G predicts a lower entropy term compared to
PW91-Eel. A lower entropy term leads to a lowerfaze Gibbs free energy, and it is more
pronounced for benzene coadsorbed with hydrogerrages ofoy, = 0.22, 0.89 and 1.
Therefore, these coverages are observed to poghkatsurface up to higher temperatures in
PW91-Gas compared tBW91-E,. The comparison between tR&V91-E, andvdW-DF-E;
approaches (see Figure 2-11a and Figure 2-11cghwigglect Gibbs free energy vibrational
contributions and use the results obtained withR"W91 and optPBE-vdW functionals resp.,
shows that coadsorption of benzene with hydrogeerages oby = 0.11, 0.22 and 0.44 is
expected on the surface for a wider range of camditwith thevdW-DF-E, than with the
PW91-E, approach. Furthermore, hydrogen coverages abgve 0.89 are not expected at
any condition, similar to the results obtained doisorption of hydrogen on a clean Pd(111)

surface.
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At typical industrial and lab-scale hydrogenati@mditions,i.e. 350< T < 550 K and K pu>

< 100 bar indicated in each diagram with a rectartigePW91-E, approach shown in Figure
2-11a indicates that surface-omly = 0.89 coverage is expected to populate the sixfdoen
coadsorbed with benzene, and if vibrational contidns to the surface Gibbs free energy are
neglected. However, if these contributions areudetl PW91G), we predict thaby = 1
populates the surface coadsorbed with benzene patatyhydrogenation conditions (see
Figure 2-11b). The approach that uses the vdW-DREhode and neglects vibrational
contributions predicts at these conditions thatrbgdn coverages between 044y < 0.89
More accurate results could be obtained if the BRfRdW functional is used to optimize the
geometries, and also to perform a vibrational aiglto obtain the vibrational contributions
to the surface Gibbs free energy. This has not beemormed due to computational
constraints. However, a rough picture of the exgmbatesult is proposed by adding the
PW?91lvibrational contributions to the vdW-DF eledimenergies dW-DF-Gwe1 Shown in
Figure 2-11d). This approximation results in hydnegcoverages oy = 0.89 at typical
hydrogenation conditions. Due to the large diffeeem entropy contributions and adsorption
energy between th®W91-E, and resp. thePW91-G and vdW-DF-E,, the inclusion of
vibrational contributions and a proper descriptadnvan der Waals interactions are strongly

recommended to predict the thermodynamically miadile catalyst surface state.
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Figure 2-11: Thermodynamic phase diagram of benzenand hydrogen
coadsorption on Pd(111) as a function of temperaterand hydrogen pressure
for a standard pressure ofp°=1 bar. The diagrams are constructed for a fixed
benzene coverage oz = 0.11 and hydrogen coverages up @ = 1.89 with
the (a) PW91-Eq4 approach, which neglects vibrational contributionsand uses
the PW91 functional (b) PW91-G approach, which calculates surface Gibbs
free energies including vibrational contributions wth the PW91 functional,
the (c) vdW-DF-Eg approach, which neglects vibrational contributionsand
uses the optPBE-vdW functionalP® ® and the (d)vdW-DF-Gpwe: approach,
which is obtained by adding the PW91 vibrational cotributions to the
optPBE-vdW electronic energies. Typical hydrogenatin conditions are
shown with a rectangle.
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2.4 Conclusions

Periodic density functional theory (DFT) calculasohave been used to investigate the
adsorption and coadsorption of benzene and hydragerPd(111) with both gradient-
corrected (PW91) and vdW-DF (optPBE-vdW) functiendlhe results have been embedded
in a thermodynamic model to calculate surface Gibleg energies and construct the
thermodynamic phase diagram. This diagram allowsréalict the most stable coverages on
the catalyst surface, as a function of the gasehbamperature and pressure. In literature, the
vibrational contribution to the surface Gibbs fezeergy is often neglected. We have shown,
however, that large different coverages can berebdeas compared to the approach that
includes these vibrational contributions, causedheydifferent entropy contributions in each
approach. Furthermore, a thermodynamic phase diabes also been constructed using the
optPBE-vdW results, although neglecting vibratiogahtributions. In this approach, the
diagram obtained for the adsorption of benzeneigietligher benzene coverages than to the
equivalent one from PW91, connected to the strobgarzene adsorption energies calculated
by the optPBE-vdW functional. On the other hanaydp hydrogen coverages are predicted
for hydrogen adsorption and coadsorption with sedixoenzene coverage. This is also
explained with the weaker hydrogen adsorption olethiwith the optPBE-vdW method
compared to the PW91 functional. A more accuraagrdim can be obtained if optPBE-vdW
vibrational contributions are used to constructtttermodynamic phase diagram, but has not
been performed due to computational limitationsweleer, a rough picture of the expected
results is proposed by combining the PW91 vibraiorontributions with the electronic
energies calculated with the optPBE-vdW functioiilis approximation infers that hydrogen
coverages of abouly = 0.89 can be coadsorbed with benzene at typigdfolgenation

conditions. Inclusion of vibrational contributiotsthe surface Gibbs free energy and the use
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of the vdW-DF method is recommended to construetniodynamic phase diagrams to

predict the most stable catalyst coverage as ditumof the conditions.
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Chapter 3

Ab Initio coverage-dependent microkinetic
modelling of benzene hydrogenation on

Pd(111)
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Abstract

The effect of hydrogen coverage on the Pd(111)yzadd hydrogenation of benzene has been
investigated with optPBE-vdW density functional dhe calculations. At both low and high
coverage, a dominant path is identified consistihthe consecutive hydrogenation of carbon
atoms located in ortho position relative to thevpesly hydrogenated carbon atom.
Adsorption equilibrium coefficients decrease wikte fpresence of hydrogen on the surface,
and surface reaction rate coefficient increasetdube larger destabilization of reactants as
compared to transition states. The ab initio kowetare used to construct a coverage-
dependent microkinetic model that explicitly accisuior coverage-dependence on rate
coefficients. The simulated catalytic activitieg amomparable to experimental observations,
exceeding those obtained using the low-coverageokiitetic model by several orders of
magnitude. The reactions with the largest influencethe global rate obtained with the
coverage-dependent microkinetic model change vghréaction conditions, and differ from
those calculated using low coverage kinetics, os¢hproposed from the rate coefficients.
Accurate DFT modeling of catalytic hydrogenationaations requires both coverage
dependence on the kinetics and thermodynamicstendge of a DFT functional that better
describes van der Waals interactions than genedaligradient approximation (GGA)

functionals.
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3.1 Introduction

The hydrogenation of benzene is industrially penied in the refining industry to improve
the quality of diesel fuels, and in the petrochehiodustry to obtain intermediates in the
production of Nylon 6 and Nylon 6-6 polymérBenzene hydrogenation is also a key
reaction in the production of clean fuels that mdée¢ stringent legislations on the
concentration of the carcinogenic benzene in fiiflespite the large number of experimental
and theoretical studies on benzene hydrogenatiene is no consensus on the mechanism of
this complex reaction networkThe mechanism can be investigated using micrakinet
modelling. This approach analyzes catalytic reastim terms of elementary surface stéps,
and allows describing and understanding complexcticaas incorporating the surface
chemistry into a kinetic model. The surface chemist complex catalytic reactions can be
evaluated by electronic-structure theoretical mashosuch as density functional theory
(DFT), providing reliable results at the molecwdaale for adsorption and surface reactions.
Benzene hydrogenation has been experimentallyestugti catalysts such as Ni* Pd, '3 >
and Pt> % due to their outstanding ability to saturate hgdrbon molecules. A large
variety of kinetic models has been proposed baseti® experimental data. Some postulated
that gas-phase hydrogen reacts with chemisorbedzeben following an Eley-Rideal
mechanisnt/ 2 The general agreement is however that the reaptimreeds via a Langmuir-
Hinshelwood-Hougen-Watson mechanism involving rieachetween chemisorbed hydrogen
and chemisorbed hydrocarbon spedidBurthermore, competition between benzene and
hydrogen for the active sites has been claifietf; *"and denied by others® ' 2 2°The
first hydrogen addition has often been consideretha rate determining step on\® 2°Pd,

2% and Pt® % The fourti® and fifth reaction¥ have also been proposed on Pt as rate
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determining step, and for Ni it has also been aw®red that the six sequential hydrogenation
steps have the same rate coefficiént® Accounting for dehydrogenation of benzene could
explain the formation of carbonaceous spétiasd the decrease in active sittbut benzene
dehydrogenation is neither thermodynamically nonekically favored compared to
hydrogenatiori? The presence of adsorbed cyclohexene has beertegpiuring benzene
hydrogenation experiment$, ? 3¥3*although the formation of gas-phase cyclohexene is
thermodynamically less favorable as compared to rttegor product cyclohexan&: *
Inhibition by adsorbed cyclohexane has been disthfdbecause its surface concentration is
assumed to be negligible since cyclohexane is &llgicexpected to desorb fast and
irreversibly® The catalytic activity reaches a maximum as atfonmf temperature at about
~500 K for Pd catalystS: *” This maximum is explained by the balance betwherdecrease
in surface concentration of the reactants with emajure and the increase in surface reaction
rate coefficients. Furthermore, the partial reactboder with respect to hydrogen is usually in
the range from 0.5 to '3, while it is close to zero for benzehe!® This could indicate a
higher surface concentration of benzene as comparegtrogen.

Few theoretical studies have investigated benzemkobenatiorr®“® and these usually
consider low to moderate coverages of reactants @ws®l common gradient-corrected
functionals (GGA) in DFT, such as PW91 or PBE. Btilorfer and Hafn&t proposed that
the mechanism for benzene hydrogenation on Ni(pdddeeds with both molecules adsorbed
prior to reactionj.e., a Langmuir-Hinshelwood type of mechanism, whicsuteed in a much
lower activation barrier than the Eley-Rideal metdbm. On Pd(111), Morin et &l.assumed

that the reaction path follows a Horiuti-Polanyi ahanisni*

with the stepwise
hydrogenation of the consecutive carbon atoms thooposition relative to the previously
hydrogenated carbon atom (ortho path), and thé fiyslrogen addition as limiting step

assuming a linear relationship between activatiot @eaction barriers. The same step was
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proposed on Ni(111) from activation barriers, imeliwith what was previously proposed in
literature because the aromaticity of benzene idraken upon adsorptidh!® *°0On Pt(111),
the reaction path involving the hydrogenation ofbca atoms in the meta position (for the
first three hydrogenation steps) was found to befepred on B% clusters, with the fifth
reaction having the largest activation enefgylowever, the ortho path was later identified
based on regression to experimental &atevhich agree with the observations of cyclohexene
for benzene hydrogenatidfi and cyclohexane dehydrogenatitinon Pt catalysts, although
cyclohexane could also be formed via other reaqiaths.

One of the main goals in the catalytic researcto i;icorporate most, if not all, molecular
insights into a model that can fully describe aalyic reaction at the reactor scale.
Hydrogenation reactions are industrially perforna¢thiigh hydrogen pressures, which lead to
catalyst surfaces that often differ from those (lmmvmedium coverage) considered in DFT
studies. DFT methods are commonly used to calcydegéerred adsorption sites, together
with adsorption and activation energies at a giseriace coverage. However, they are often
not able to predict experimental data because hds®radsorbate interactions at reaction
conditions can affect chemical kinetics to a laegéent*>*® Semiempirical approaches have
been applied combining theoretical and experimerdallts into a microkinetic model to
describe coverage dependeft& E.g., the approach based on the combination ofitfity
bond index quadratic exponential potential (UBI-QF¥Ptransition-state theory, surface
science experiments and optimization of the rateffmeent by validation against
experimental dat&’ °* Following a DFT based approach, the surface coesr@xpected on
the catalyst surface at the reaction conditions lmarirst predicted with the calculation of
surface Gibbs free energi¥s’* In a second step, the reaction kinetics and theymamics
can be calculated considering the expected sudaeerage under reaction conditions. This is

typically done based on the assumption that adsesbare uniformly distributed on the
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catalysts surface, i.e., on the mean field appreion> Ideally, the full range of possible
coverages should be evaluated and included, iigldomputationally not feasible. A range
of coverages can however be evaluated to consaucbverage-dependent microkinetic
model, calculating activation entropies and enarg® a function of the surface concentration
modeled with DFT. This explicit coverage-dependembdel can be solved to predict
production rates and surface concentrations atioeaconditions. However, to the best of our
knowledge, this has not been done based on ab results only.

This work aims at constructing a coverage-dependeiarokinetic model for benzene
hydrogenation on Pd(111) based on periodic DFTutations, in which explicit coverage
effects and van der Waals interactions are includedboth adsorption and surface rate
coefficients. First, the full reaction network igaduated at low coverage with both gradient-
corrected PW91 and optPBE-vdW functionals, and midant path is identified. Secondly,
this dominant path is further evaluated with theP&E-vdW functional at increasing
hydrogen coverages on the surface. The resultsise to construct a coverage-dependent
microkinetic model that is solved to predict catighactivities, and the results are compared

to experimental results reported in the literature.

3.2 Methodology

3.2.1 Electronic energy calculations

The Vienna Ab initio Simulation Package (VASPY®is used to perform periodic density
functional theory (DFT) calculations, using the jpator augmented wave method (PAH)
®to describe the interactions between electrons mndei. The PAW method uses

pseudopotentials and plane-wave basis sets, af@ a\ cutoff energy is considered in the
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calculations. The first-order Methfessel Paxtonhudf? is used to describe partial electronic
occupancies close to the Fermi level with a smgawrdth of 0.3 eV, and Brillouin-zone
integration is performed with a 5x5x1 Monkhorst¥agid®® The generalized gradient
Perdew-Wang PW91 exchange-correlation functionalsied to describe the attraction and
repulsion between electroffs °> Using these settings, a magnetization of the belkw 10

is calculated. The adsorption energy of benzeneulzkd with non-spin polarization is
within 6 kJ mol* from the one considering spin-polarized calculaiotherefore, non-
magnetic systems are considered.

The catalyst slab is modeled with a (3x3) unit egltl four atomic layers, which has been
proven to be accurate enough for describing surfeaetions'® The two top Pd layers and the
adsorbates on the surface are fully relaxed dutliieggeometry optimization, and the two
bottom Pd layers are fixed to the bulk structur@diglated lattice parametar= 395.7 pm).
The unit cell is repeated in the three directiomariodel an infinite surface, and periodic
boundary conditions are applied. A 11 A vacuum gag a dipole layer are included in the
direction perpendicular to the slab to avoid intdoms between periodic images.

Very strict converge criteria are required to perfoa subsequent frequency analysis,
amounting to 18 eV on the energy for the electronic minimizatiow @f 0.015 eV/A for the
maximum force for the geometry convergence. fhbasi-Newton RMM-DIIS algorithris
applied for the geometry optimization.

The commonly used GGA functionals in DFT do notpanby describe the nonlocal nature of
the electron correlation, and in particular van déaals interactions (vdW}§. This can
hamper the calculation of adsorption or activagoergies’ This can be addressed using the
nonlocal van der Waals density functional (vdW-Déyveloped by Rydberg and Df§n>

and implemented in VASP by Klimes et #.”° The optPBE-vdW functional is used in this
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work because it has shown to provide adsorptiorrgse® and geometries for benzene
adsorption on Pd(111) in line with experimentalerbations’*

In a previous work>* we have shown that at typical hydrogenation camuiitthe surface of
Pd(111) is populated with higher hydrogen coveragespared to those that are often used in
DFT studies. Therefore, this work investigatesdffect of increasing hydrogen coverage on
the thermodynamics and kinetics of benzene hyditgem This coverage dependence is
performed calculating adsorption and surface ratefficients at four different hydrogen
coverages, which are defined &g niia. These coverages are coadsorbed with the
corresponding hydrocarbon molecules that are obtiaialong the reaction path. The
hydrocarbon coverage is fixed to a single mole@ée (3x3) unit cell §gn = 0.11), with
coverage defined as number of adsorbed molecutestoms in the case of hydrogen, per
surface Pd atom. Different hydrocarbon coveragaddcalso be evaluated to have a full
picture of coverage effects. However, this woulccbmputationally too expensive and it has
not been evaluated.

The four hydrogen coverage evaluated 8rgsiia = 0, 0.11, 0.44 and 0.67. In the first one
(Ou,initiar = 0), it is considered thégy; = 0.11 andy = 0.11 are adsorbed in different unit cells.
The other thredy iniias = 0.11, 0.44 and 0.66 consider, respectively,,lantl 6 hydrogen
atoms in the (3x3) unit cell, coadsorbed with@pg = 0.11 hydrocarbon molecule. Hydrogen
atoms are assumed to be adsorbed always on the stameregardless of the presence of
hydrocarbon species. These sites correspond tontst stable combination calculated in a
previous study for each hydrogen coverage coaddoslith benzené? Hence, it is assumed
that these positions will remain the same if thelrbgen atoms are coadsorbed with
hydrocarbons other than benzene.

Once the geometries of reactants and productsrexerk the minimum energy path between

the two is calculated with the Nudged Elastic Barethod’? Along the reaction path, a series
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of images are created and connected with springesd images are optimized by force
minimization, relaxing the images down the minimemergy patd? The geometry of the
saddle point is further used as the initial guesstfe Dimer method? an effective method to
find the energy and configuration of the transitgtate. The optimization of transition states
for surface reactions at high hydrogen coverage isomputationally very demanding
calculation, due to the increased number of atamdstlae repulsive interaction that often lead
to convergence problems. Therefore, the geometthetransition state that is optimized at
the lowest hydrogen coverage is further used asalingeometry in the calculation at
increasing hydrogen coverages, properly adaptimgaimount of hydrogen atoms on the
surface to obtain the corresponding coverage. @p@oach is considered to be accurate
enough because it provides the same electroniggrad geometry as the computationally

more intensive approach that performs the NEB ¢atlicun followed by the DIMER method.

3.2.2 Construction of the microkinetic model

Vibrational frequencies are required to calculdtermodynamic properties as a function of
temperature using statistical thermodynamics. Taguency calculation is performed from a
strictly optimized geometry to avoid imaginary fuegcies. VASP numerically evaluates the
Hessian matrix calculating the second derivativehaf energy with respect to the nuclear
motion with the harmonic oscillator approach (H@Y, which a step size of 0.015 A is used.
The vibrational frequencies are calculated for ¢hatoms that are relaxed in the geometry
optimization, i.e., the two top Pd layers of thebsand the adsorbates.

Once vibrational frequencies are calculated, vibnal partition functions, zero-point
energies, thermal corrections to the enthalpy amdopy can be obtained from statistical
thermodynamic equations, as shown in detail in AdpeB (for more information the reader

is referred to Craméf, McQuarrie’> and Jenséf). From these values, kinetic and
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thermodynamic parameters can be calculated ascidarof temperature, as also shown in
Appendix B.

Periodic DFT calculations (NEB) for hydrogen difius between high-stability adsorption
sites at high coverage show that hydrogen is nikedyInot mobile at 450 K, with electronic
barriers above 15 kJ mbht half the saturation coverage, and presumaisyighalso the case
in the presence of adsorbed hydrocarbon molectlesefore, all results shown in this work
consistently consider immobile surface species hadgce, only vibrational contributions are
considered for surface species without translationaotational contributions. For gas-phase
species, on the other hand, rotation and translatre considered together with vibrational
contributions to calculate the thermodynamic patanse

A microkinetic model is constructed consisting bt tadsorption and surface elementary
reactions, using the DFT kinetics and thermodynamidsorption rate coefficients are
described as a product of the incident Hertz-Knndswlecular flux,F, and the sticking
probability s. Adsorption is considered as a non-activated m®der all species, thus the
sticking probability is approximated to equal tbata clean surfacey), as shown in eq. (1),
and this is assumed to be 1 for all adsorbatesorpesn rate coefficients are obtained using
the thermodynamic equilibrium coefficient from DRdsorption enthalpies and entropies, as

shown in eq. (2).

K. =S LF _ S
ads p Ny 277 Cm kg [T @)
Kk
Kdes = Kads (2)
eq

In eq. (1),F the incident flux of gas-phase molecules on aase;p the pressure in bam; the
number of active sites per’flL.64 13° m?), m the molecular mass (kgig the Boltzmann

constant and the temperature (K).
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Surface rate coefficientk (n s*) are described with an Arrhenius expression, spg3),

using the activation energieg;j] and pre-exponential factord)(calculated as explained in

_ _ Ea
k = Aexy:( = j 3

Thermodynamic consistency is required when constrgiamicrokinetic models® not only

Appendix B.

for the surface reactions but also between sudiacegas-phase thermodynamics. The first is

accomplished if every surface reaction satisfieq4and eq. (5§°

Ea,rev = Ea, for _Ar H° 4)

A, S°
Afor = AYev ex{ rR ] (5)

WhereE, torand E, revare the forward and reverse activation enthalpespectivelyAy,r and

A are the forward and reverse pre-exponential factaspectively, and,S’ is the reaction
entropy. The procedure to calculate these paramestexplained in detail in Appendix B.

The second thermodynamic constraint is that the slureaction enthalpies in each path from
reactants to products must equal the gas-phasalgiedction enthalp;zl(H"g,as),55 see eg. (6),
which can be known from gas-phase thermodynamiacsilé8ly, the pre-exponential factors
for each path are related to the gas-phase reaetibopy>> which can be obtained from the

gas-phase global reaction entropﬁgas), the temperature and the universal gas consaet,
eq. (7).

Z (Ea, for — Ea,rev)i =AH gas (6)

" - W
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The hydrogen coverage coadsorbed with the readantsia) is assumed to remain unaltered
throughout every path. For hydrogenation steps, evew the coverage of hydrogen
coadsorbed with the produd(ina) is lower thanfy iniiai, See first reaction in eq. (8) and
Figure 3-1. Therefore, the hydrogen coverage in ghaduct is restored tOy initia With
adsorption of hydrogen on the surface covered thi¢ghproduct of each reaction. This yields
the initial coverag®y iniia for the next hydrogenation reaction (see eq. (@) Bigure 3-1).
The hydrogen adsorption parameters are calculated €g. (9) to maintain thermodynamic
consistency between surface and gas-phase spdeigthermore, a single hydrogen
adsorption value can be introduced in the mean-figcrokinetic model that is solved at each
hydrogen coverage. Therefore, an average valubeokix individual hydrogen adsorptions
shown in eq. (9) is considered for a reaction gathsisting of six consecutive hydrogenation
steps. The adsorption of hydrogen to replenishhy@rogen coverage does not necessary
yield the most stable configuration, and hydrogema would diffuse to the lowest energy
configuration. However, this work assumes thatdbditional hydrogen is adsorbed on the
adsorption site that leads to the most stable gardiion and, hence, that the diffusion

enthalpy is zero.
BH; +Hgnital = TS *+ Hg fina = BHis1 + Hg fina (8)

* * 1 * *
BH; 11 + Hpg final * 3 H2 gas = BHi+1 + Hyjinitial )
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Enthalpy TS, + B4 final
A

BI_|i+1+eH,finaI
BH+6,, initial

BHi,1+0, initial

>

Reaction coordinate

Figure 3-1: Procedure used to obtain the same hydgen coverage for every
hydrogenation step in a reaction path with periodicDFT calculations. The
coverage of hydrogen coadsorbed with the reactan{®4 iniiiar ) iS higher than
with products (0nfna) because one hydrogen has been added to the
hydrocarbon. Hydrogen is adsorbed on a surface coxed by 0y fina and the
product hydrocarbon to obtain the same0y niia COverage as initially, after
which the next reaction can proceed analogously.

The gas-phase equilibrium coefficient calculatedthwiVASP does not match the
experimentally determined equilibrium coefficiemorh the National Institute of Standards
and Technology database (NIST)This is attributed to the overestimation of theatéon
enthalpy in DFT, e.g. from benzene to cyclohexapn@dand 41 kJ mdlwith the PW91 and
optPBE-vdW functionals, since the difference inctem entropies is negligible. The
difference in overestimation (of 20 kJ riplbetween the two functionals is explained from
the hydrogen adsorption enthalpy calculated witth honctionals. This is evidenced from the
difference in H 4.5 atomization energy of 18.2 kJ mbbbtained from the optPBE-vdW
functional to the CBS-QB3 methoff as compared to the difference of ~1 kJ frimétween
the CBS-QB3 and PW91. The CBS-QB3 is used to coenffae values because of its good
agreement with experimen®. ”® In order to correct for this, optPBE-vdW hydrogen
adsorption enthalpies are increased by 18.2 kJpland every hydrogen adsorption
enthalpy shown in this work includes this correctiGurther changes to match the NIST has

phase experimental equilibrium have been done adpptsorption enthalpies and entropies
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for the three product species only, i.e., cycloligxae, cyclohexene and cyclohexane. The
original and modified values can be found in Te®teand B11, respectively, in Appendix B.

A coverage-dependent microkinetic model has beestoacted using the DFT kinetic and
thermodynamic parameters at the four different bgdn coverage8y niia- This has been
done by regression of the kinetic parameters taoird-brder polynomial as a function of the
total coveragéoa, S€€ €q (10). The total coverage is defined axdlherage of hydrogen
plus the coverage of the hydrocarbon on the surfabeh can be assumed to be equal to 1

minus the free site®a= 1—06+).
_ 3 2
L= aetotal + bHtotal + Cetotal +d (10)

L being a parameter in the ArrheniuB,{ Ea, A*S, 4:;S) or adsorption equilibrium
coefficient expressionstHags 4S:g9- All coefficients are shown in Appendix B in TablB13

to B15.

3.2.3 Microkinetic modelling

Catalytic activities are simulated solving the rmaldnetic model as a function of reaction
conditions in a reactor model. These simulatiores gerformed with an in-house developed

python code. The adsorption raj®f species is calculated as shown in eq. (11).
r = (ki,ads LB, Dpi)_ (kldesmgi ) (11)
The rater; of every surface reaction, eq. (12), is solvedlie eq. (13).
BH, + H = BHj, +* (12)
ry = kj,for Ds’BHi Ds’H - kj,rev Ds’BHi+1 [B. (13)

The code solves the surface coverage of the diffesgecies with the pseudo stationary state
approximation (PSSA) applying eq. (14), wikhthe net production frequency of componient

(molecules sité s™).
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R :ZVjirj =0 (14)
J

It is assumed that the sum of all fractional suefaoverage amounts to one, as shown in eq.
(15)

1=6.+6y + 6+ gy (15)
i=1

These results are embedded in a reactor modehtbabraically solves the outlet flows of

component in the mass balance for a differentially operatattor®®, see eq. (16) below.
dR
WI\/:C[R :CtZVjirj (16)
i

Fi being the molar flow of componeh{mol s?), W the catalyst mass (1.28 “10kg) andC;

the concentration of active sites (9.621M0livesidkgear from CO chemisorption on Pd
powder *®). The turnover frequency of benzene hydrogenafB@F) is calculated as the
molecules of benzene consumed per active siteqmensl (3). Thermodynamic consistency
with the experimental gas-phase equilibrium coédfitis checked in every simulation.

The typical lab-scale hydrogenation conditions egpond to 350 ¥ < 550, 0.1 bar 9, <

10 bar, 0.001 bar ps < 1 bar. The effect of temperature on catalytitvaes has been
evaluated by performing simulations in a rangeypfdal hydrogenation conditionse., 350

to 650 K, in steps of 50 K, and fixing hydrogen do@hzene pressure to, respectively, 0.9 and
6.7 10° bar to compare to the results reported by Chou\éamhice™ A zero inlet flow of
product species is considered. Furthermore, thigapegaction order of hydrogen is evaluated
by fixing benzene pressure to 6.7%far and varying hydrogen pressures between 4°0tt0
0.9 bar. The partial reaction order of benzenev&uated fixing hydrogen pressure to 0.9 bar
and varying benzene pressures from 4.¢ 10 9 10° bar. The partial reaction order is

calculated from the exponential coefficiem) (Obtained fitting a power regression of the

global reaction rate as a function of the corresipumpartial pressure, i.eTOF = a Op".
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The influence of the different elementary reactisteps on the global rate is performed with
the rate of production (ROP) and sensitivity anedy$SA). The first calculates the ROP
coefficient Xgop as the ratio between the rate of each elementegyrsand the turnover
frequency, eq. (17). Those reactions with a muchllemrate than the TOF can be neglected
in the reaction network, i.e.,gép; ~ 0. A dominant path would then be composed of the
reaction steps with rates similar to the TOE&., Xgop~ 1.

r.

XRropi = ﬁ (17)

The sensitivity analysis quantifies the importantelementary reaction steps on the catalytic
activity. It introduces a change in the pre-expdiafactor for forward and reverse reactions,
while keeping the temperature and the rate coefiisi of the other reaction steps constant,
see eq. (22) below. The sensitivity coeffici®gh jis then calculated regarding the increase or
decrease in the turnover frequency with the modlifiee-exponential factor as compared to

that using the original pre-exponential factor.

TOF -TOF

Xgpj = —TOF 18)

A
With TOF as the turnover frequency calculated with the odbiparameters, TOFRhe
turnover frequency calculated with the modified -prponential factor for forward and

reverse reaction of stgp A; the original pre-exponential factor, agl the modified pre-

exponential factor, taken as 1.01 tinfes
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3.3 Results

Periodic DFT calculations have been performed taystthe catalytic hydrogenation of
benzene to cyclohexane on Pd(111). The first pemtudses the results obtained for the
reaction network considering low hydrogen coveragehe DFT calculations. In the she
second part the optPBE-vdW functional is used tdope a coverage study of adsorption and
hydrogenation reactions. The calculated kineticd #rermodynamics are further used to
construct a coverage-dependent microkinetic mdusl predicts catalytic activities at actual

reaction conditions.

3.3.1 Kinetic analysis at low coverage

Benzene and hydrogen can be adsorbed on sevembads sites on the Pd(111) surface,
and for each combination of sites a reaction nétwfor benzene hydrogenation can be
considered. Assuming that the product of everytreactep is adsorbed on the same site as
the reactant, and that there is no diffusion betwdifferent sites, every network consists of
twenty different hydrogenation steps from benzeneyclohexane, via 13 possible reactions
paths (see Figure 3-2). The evaluation with thémaktalculations of all possible networks
that originate from considering the different agdmn sites is computationally too expensive.
Therefore, only the two reaction networks that ioage from the adsorption of benzene on
the two preferred adsorption sites have been eteluas will be discussed below. In this
section, the thermodynamic and kinetic parameterscalculated assuming that the reacting
hydrocarbon and hydrogen are adsorbed in diffanaittcells, therefore, these parameters do
not include repulsive interactions between hydrocarhydrogen species. In this section,
gas-phase cyclohexane is the only reaction prodimnct the results shown have been obtained

using the gradient-corrected PW91 functional.
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The adsorption of a single hydrogen atom in the8j3mit cell corresponds t = 0.11, low
compared to the saturation coverage of 1.47 abms/m.2* At 64 = 0.11, the adsorption
enthalpy of —125 kJ mg} ' is calculated at 450 K for the most stable holfow site, shown

in the right panel of Figure 3-3. This value iosger than the adsorption energy reported in
previous theoretical studies at lower coverage® and also stronger by 40 kJ nioas
compared to the experimental vaftie.

For benzene, the two most stable adsorption sieetha 4-fold bridge(30) and 3-fold hollow-
hcp(0), see Figure 3-3a and b, in agreement wigvipus studies on Pd(11¥j and other
(111) transition metal$>®’ The adsorption enthalpy of, respectively, —109 a9@ kJ mol*

is calculated at 450 K in a (3x3) unit celé., benzene coverage 6 = 0.11. The value dig

= 0.11 represents a moderate benzene coveragelireg#ine saturation coverage reported on
Pd(111)®® of 65 = 0.17, or 2.46 11§ molecules/rh The calculated adsorption of both bridge
and hollow adsorbates is weaker than the experaigneported adsorption, of —140 - —196
kJ mor™®® which may indicate that the gradient-corrected RVf@nctional is not able to
properly describe adsorption of benzene. We has@ stiown in a previous study that hollow
adsorbate becomes more stable than the bridgebadsarhen coadsorbed with hydrogén.
The latter results together with the small diffexenn stability between the two bridge and
hollow adsorbates justify the study of both reattioetworks originating from the
hydrogenation of benzene adsorbed on the separdgeland hollow sites. The two networks

are defined as the bridge and hollow networks.
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Figure 3-2: Full reaction network of the catalytichydrogenation of benzene
to cyclohexane, with labeling of the hydrogen stepand indication of the
identified dominant path with green arrows. The folowing nomenclature is
used for the surface specieB refers to benzeneBH to monohydrobenzene,
13CHD to 1,3-cyclohexadienel3DHB to 1,3-dihydrobenzene14CHD to 1,4-
cyclohexadiene, 123THB to 1,2,3-trihydrobenzene, 124THB to 1,2,4-
trihydrobenzene, 135THB to 1,3,5-trihydrobenzene, CHE to cyclohexene,
1235THB  to 1,2,3,5-tetrahydrobenzene, 1245THB  to 1,2,4,5-
tetrahydrobenzene,C-hexyl to cyclohexyl, and finallyCHA to cyclohexane.
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a) Benzene bridge(30) b) Benzene hollow-hcp(0) ¢) Hydrogen hollow fcc

Figure 3-3: Preferred adsorption sites for benzene(a) bridge(30) and (b)
hollow-hcp(0), and for hydrogen on the (c) hollowdc surface site (shown in
red for easier identification).

The kinetic and thermodynamic parameters of evesentary reaction step in both bridge
and hollow networks have been calculated with pici®@FT calculations (see all calculated
parameters in Tables B1 and B2 in Appendix B). Kimetic and thermodynamic parameters
are used to construct a microkinetic model for eafcthe two networks, which are solved at
actual reaction conditions at the reactor scale emuations and the approach used in the
methodology section). The turnover frequency (T@F)Yefined as molecules of benzene
consumed per active site per secont).(¥he simulated TOF in the hollow network is large
than the one obtained using the bridge networkt¢u®O times larger at 400 K and 1.5 larger
at 550 K), see Figure 3-4a. The TOF for both nekwofollow the same trend with
temperature, and a maximum is observed at 550 HKlewdxperimentally this is usually
reported at 500 K> " This maximum is explained with the decrease iffiesgr concentration
of the reactants with temperature, particularlyzese as shown in Figure 3-4b, which cannot
compensate for the increase in surface hydrogensadi®e. Because of the higher reactivity of

benzene hollow, only this network is further disse below.
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The turnover frequency calculated at 413W{Rgn = 62.5 k@a:S mol; Fgjn = 2.1 10° mol

s Frzin = 2.8 10° mol s, pgin = 6.7 107 bar; puzin = 0.9 bar) of TOF = 1.4 10s*is more
than three orders of magnitude lower than the éxpartal value of 6 18 s* by Chou and
Vannice on Pd power at the same conditibrihe partial reaction order for benzene and
hydrogen calculated at 450 K are ~ 0.2 and ~ 4&2l|wstrated in Figure B2 in Appendix B.
The value for benzene agrees with the experimgnediserved zero ordér * ** however,

the order on hydrogen is larger than experimeriiaovations (ranging between 0.5 - 338).
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Figure 3-4: (a) Simulated turnover frequency (TOF)(s') as a function of the
temperature (K) for the bridge and hollow networks (full and dotted lines,
respectively). (b) Surface coverage of benzene, hngden, and free sites (grey,
black, and red, respectively) as a function of tengrature, obtained for the
simulation of the bridge and hollow networks. As aoincidence, both full and
dotted red lines (free sites) almost overlap \{/Fgin = 62.5 Kga s mol; Fgn =
2.1 10°mol s*; Fzin = 2.8 10" mol s*, pgjn = 6.7 107 bar; pr2in = 0.9 bar).
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Simplification of the reaction network to a singleminant path can allow to evaluate other
important effects on the catalytic performance thatild be computationally too expensive in
the full network, such as increasing coverage qr@per description of van der Waals
interactions. Based on the DFT rate coefficientslominant path is identified in the full
hollow reaction network (and also in the bridgewwk), consisting of the six consecutive
surface reactions with the largest rate coeffigeiitis path follows a consecutive hydrogen
addition to carbon atoms located in ortho positielative to the previously hydrogenated
carbon (ortho path). This paths runs from benzeBg t6 monohydrobenzene (BH),
proceeding over 1,3-cyclohexadiene (13CHD), 1,8t8«lrobenzene (123THB), cyclohexene
(CHE) and cyclohexyl (c-hexyl) to cyclohexane (CHA$ depicted with green arrows for the
b, c1, d1, e, f1 andg reactions in Figure 3-2. The same dominant pa#iss identified with
the rate of production analysis (ROP). As explaimethe methodology section, this analysis
calculates the reaction rate of each elementapyate compares it to the global rate (TOF).
For temperatures in the range of 350 K < T < 65@hi€, rate of production coefficientg¥p

=1 for the first, fourth, fifth and sixth reacti@teps I, el, f1 andg reactions, see Table B3 in
Appendix B). For the second and third hydrogenasteps, X%op > 0.8 for thecl anddl
reactions, while Xop> 0.2 for, respectively, the2 (BH* + H* «— 13DHB*) andd3 reactions
(13DHB + H* « 123THB*). This ortho dominant path has also beeggested on Pd(111)
by Morin et al*® from a thermodynamic basis, and by Tetenyi andl Padrom the
hydrogenation of“C-labelled benzene and cyclohexadiene. Considehieglominant path,
the underestimation of the TOF is below 10 % foe thhole range of temperatures (see
Figure B1 in Appendix B), therefore, the resultscdissed below correspond to the dominant
path calculated for the hollow network only.

Based on the rate coefficients calculated for thaction in the dominant path, the first

hydrogenation step (see reactloin Figure 3-2 or BtH > BH’ + ) is proposed to have the
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largest influence on the global rate. This has hksen suggested by Morin et &on Pd(111)
assuming that the activation energies of the hyelnagon steps scale with their calculated
reaction barriers. The first hydrogenation step &lz® been proposed as rate determining
from theoretical considerations, because the aroityabf benzene is not broken on Pd(111)
and it should therefore break during the first Hiidn step.® > ?However, the sensitivity
analysis performed in this work indicates that otteactions have greater influence on the
rate at actual reaction conditions. Below 450 K third hydrogen additiord{ reaction) in
the dominant path has a sensitivity coefficieniXgh 41 = 0.8, as shown in see Table B4 in
Appendix B. Above 450 K, the sensitivity coeffictefor the fifth reaction (reactiofil in
Figure 3-2) raises to a value o§p¢1 = 0.8 at 550 K.

Finally, the hollow dominant path has been evalliaethe same coverage but using the
optPBE-vdW functional. This is done because ofuhderestimation of benzene adsorption
enthalpies with the PW91 functional as compareexjzerimental values. The same dominant
path as the one calculated with the PW91 functiasabbtained with the optPBE-vdW
functional. In this path, the reactions have arvation energy that is at least 15 kJ mol
lower than the values calculated for the alterreateactions (see Table B5 in Appendix B). A
benzene adsorption enthalplass = —163 kJ mot is calculated at 450 K arfiy = 0.11 with
the optPBE-vdW functional. This represents an iaseeof 67 kJ mot as compared to the
PWO91 functional, and agrees with previous thecaéti@lues by Yildirim et al’* using the
same functional (-168 kJ md), but for a lower coverage, and also with the eixpental
range of adsorption enthalpies (—140 - —196 kJ thdP For hydrogen adsorption, however,
the adsorption enthalpy calculated with the optRBE/ functional is 23 kJ mot weaker
than with the PW91 functional. Although the valgecioser to the experimentally reported
AHags = —86 kJ mol™®® the weaker adsorption is attributed to an inardescription of the

gas phase Hmolecule with the optPBE-vdW; the atomization gyeof H, with the PW91
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and optPBE-vdW functional is, respectively, —1.4 48.2 kJ motf' larger than the value with
the CBS-QB3 energy. In the next section, the holtlmminant path is further evaluated with

the optPBE-vdW considering surfaces with an indarepkydrogen coverage.

3.3.2 Kinetic analysis as a function of coverage

This section first discusses the kinetic and thelynamic parameters for adsorption and
reaction in the dominant path at increasing hydnogaverages with the optPBE-vdW DFT
functional. Secondly, a coverage-dependent micedldnmodel is constructed, and finally,

this model is solved at actual reaction condititmpredict catalyst activities.

3.3.2.aThermodynamics and kinetics from DFT calculations

The presence of a possible dominant path at incrgdsydrogen coverage has been first
investigated with the optPBE-vdW functional. Thetition barriers of the different
reactions are calculated at a higher coveragéyof 0.44 on the surface. The activation
energies of the reactions in the ortho dominarth pa¢ lower, by about 25 kJ rifpithan the
ones for the reactions that are not in this dontinzath (see Table B5 in Appendix B).
Therefore, this section considers the simplifieth@dominant path to study coverage effects.
The simplification of the full reaction network ky dominant path allows performing a
coverage study, which otherwise would be computally too expensive for the full
network. Additionally, the adsorption and desorptaf the stable intermediates, namely 1,3-
cyclohexadiene and cyclohexene, are also investigat

The adsorption and surface reactions occurrindhérdominant path are studied with DFT
considering four different surfaces, each with #edent hydrogen coveragey initia, as
illustrated for hydrogen in red in Figure 3-5 coatieed with benzene as an example. The first

Ou.initial (S€€ Figure 3-5a) has been discussed in the pegieetion. The values & nitia = 0
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are calculated relative t@sy; = 0.11 hydrocarbon coverage ab@iniia = 0.11 fcc hydrogen
adsorbed in different unit cells. The effect ofresing coverage is studied by considering
three moréy iniial hydrogen coverages; for these casedghe= 0.11 hydrocarbon coverage
is coadsorbed in the same unit cell Wihiniia = 0.11, 0.44 and 0.67 hydrogen coverage
(modeled with 1, 4, and 6 hydrogen atoms in the3J3mit cell, as observed in top and
middle panels of Figure 3-5b,c,d, respectively)e Tinost stable sites for hydrogen coverages
of Ouniiar = 0.11, 0.44 and 0.67 have been calculated in aique study* and are,
respectively, i) fcc hollow site, ii) three fcc aadsingle hcp atoms in the (3%3) unit cell, and
iii) all hydrogen atoms adsorbed on fcc sites Biggire 3-5,b,c,d). Hydrogen is assumed to
occupy the same sites regardless of the presencehef molecules than benzene on the
surface.

The adsorption of benzene and products in the dambhipath, namely 1,3-cyclohexadiene,
cyclohexene and cyclohexane, is evaluated on a @ed H-covered surface withy initial =
0.11, 0.44 and 0.67 (see geometries of 1,3-cyclkadliere, cyclohexene and cyclohexane
species on a clean surface in Figure B3 in ApperBljx For all the species except
cyclohexane, a decrease in adsorption enthalpgl@ilated with increasing H-coverage on
the surface (see Figure 3-6 and all values repoirtedable B6 in Appendix B). The
cyclohexane adsorption enthalpy, however, remamgas regardless of H-coverage, due to
the low repulsive interactions between the physisdrcyclohexane and the surface hydrogen
atoms. The adsorption enthalpy of benzene ém=0.67 H-covered surface (—=77.5 kJ mpl

is in line with the range estimated by Chou and niem on Pd" fitting a kinetic model to
benzene hydrogenation experiments (=58 to —70 kX)nand it is close to the estimate, also

fitting a kinetic model, of —82 kJ mdlby Singh and Vannice on PdA&;. %
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a) eH,initiaI =0 b) eH,initiaI =0.11 C) eH’initia| =0.44 d) eH’initia| =0.67

6;=0.11 8,=0.11 0 -011+eH-011 0;=0.11 + 8,=0.44 ;) —011+9H—067

Figure 3-5: Benzene adsorbed at hollow-hcp(0) sitésgether with hydrogen coverage of (apn = 0.11 (in different unit cells),
and (b) 05 = 0.11, (c)0y = 0.44 and (d) 84 = 0.67 in the same unit cell. Top and middle panshow side and top views of the
(3%3) unit cell used, bottom panels illustrate a { view of the surface overlayer at each coveragedRatoms in the second
layer are colored in grey and adsorbed hydrogen atos in red for easier identification.
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To the best of our knowledge, no adsorption entbalpave been reported on Pd(111) for
cyclohexane and cyclohexene. The calculated adsaorphthalpy of cyclohexane (—-78 to —84
kJ mor™) is more exothermic than the experimental values1fTPD experiments on Pt(111),
—59 kJ mot* %2 andon Ni(111), —55 kJ mat. > For cyclohexene, the range (—66 to —109 kJ
mol™) agrees with the coverage-dependent heats of @titsoron Pt(111) obtained from
calorimetric measurements at ~100°K.

For hydrogen, the values for the adsorption oframeasing coverage on a clean surface are
shown in Figure 3-6. The valuestat= 0 anddy = 0.11 correspond to the same adsorption of
Oy = 0.11 on a clean surface. Hydrogen adsorptiomadpy weakens with increasing
coverage by less than 15 kJ mgah line with the small decrease of some 10 kJ'mmeported

in previous studied®® °> **Furthermore, the adsorption entropy of all spestesws also a

very small dependence on the H-coverage at thacrf
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Figure 3-6: Adsorption (a) enthalpy (kJ mol') and (b) entropy (J mol* K™) of

benzene, 1,3-cyclohexadiene, cyclohexene and cyeldne as a function of the
hydrogen coverage on the surface. These values adeectly calculated from

DFT calculations, and no adaptation has been done thave thermodynamic
consistency with gas-phase experimental equilibriunsoefficient. For hydrogen,

the values correspond to the adsorption oy on a clean surface, anéy = 0 and

04 = 0.11 both refer to the same adsorption di; = 0.11 on a clean slab.
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For surface reactions, the influence of H-coverage the kinetic and thermodynamic
parameters of the six hydrogenation steps in thmimant path has also been studied at the
four hydrogen coveragés, iniiai = 0, 0.11, 0.44 and 0.67. The calculated valueslaogvn in
Appendix B from Table B7 to B10. For each hydrodgemastep, the reaction enthalpy and
activation energy decrease with increasing H-cayer@ee left panel in Figure 3-7). This is
explained with a larger destabilization of reactaas compared with transition states and
products, because of the higher hydrogen coveragdsorbed with reactant8y(niia). FOr
each of the six hydrogenation steps, an excellerelation is obtained between activation
and reaction energy as a function of hydrogen @merThis correlation allows predicting the
computationally demanding activation energy at &iglsoverages from the more easily
calculated reaction energy. Furthermore, an ineress equilibrium coefficients with
hydrogen coverage is calculated for every hydrogenatep (see right panel in Figure 3-7).
Equilibrium coefficients increase by several ordefrsnagnitude from the values considering

Ou.iniial = O to those obtained at the highest hydrogenregeestudie®y initia = 0.67.
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Figure 3-7: (a) Forward activation energy as a funiwon of the reaction

enthalpy (for the reaction: BH; + 0y iniias <> BHi+1 + 04 inar) fOr the six reaction
steps in the dominant path at the four different@y iniiai hydrogen coverages
considered to be coadsorbed with benzendyjntia = 0 (rhombus), 0.11
(triangles), 0.44 (circles) and 0.67 (squares). (Bquilibrium coefficients for

the six elementary surface reactions as a functioof the same hydrogen
coverages.
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3.3.2.bConstruction of the microkinetic model

A coverage-dependent microkinetic model is consddicising the results obtained from the
DFT calculations, which explicitly accounts for evage-dependence on rate coefficients.
However, as mentioned in the methodology sectiomesof the DFT parameters that are
shown in the section above have been adjustedlfith fwth: i) thermodynamic consistency
with gas-phase experimental equilibrium coefficjesud ii) the use of a single hydrogen
adsorption enthalpy and entropy in the microkingtadel, as it is explained below.

First, the DFT gas-phase equilibrium coefficientakated does not match the experimentally
determined equilibrium coefficient, attributed teetoverestimation of the reaction enthalpy.
Therefore, the adsorption enthalpy of product smecinamely 1,3-cyclohexadiene,
cyclohexene, and cyclohexane, has been adaptede Huaptations were also introduced in
the low coverage microkinetic model. Adsorptionhetpies are adjusted by adding —16, —16
and —14 kJ mdl to the values shown in the previous section fatatyexadiene, cyclohexene
and cyclohexane, respectively. Adsorption entropies adjusted by adding -7, —=7 and 0 J
mol™* K. The values are listed in Table B11 in AppendixaBg depicted in Figure 3-8.
Secondly, the proper hydrogen adsorption enthalpg antropy is required to have a
thermodynamically consistent microkinetic model. the DFT calculations, the hydrogen
coverage coadsorbed with the (partially hydrogef)apeoduct of every hydrogenation step
(defined asOyfina) is lower than the hydrogen coverage coadsorbeth wie reactants
(defined a9y initiar)- In Order to construct a microkinetic model thahsists of the consecutive
hydrogenation steps in the dominant path, hydragensorbed on the surface covered by the
product species of each hydrogenation step to megblehe surface and have the sdimgitial

in every consecutive reaction, i.8w,sinal + Ogri + ¥2H <> O initiar + Oswi - This is illustrated in
Figure 3-9, which represents the enthalpy diagratheddominant path at each of the four

Ou.initial Studied. FOBy iniia =0.11, 0.44 and 0.67, the six hydrogen adsorptoebserved
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Figure 3-8: Adsorption (a) enthalpy (kJ mol*) and (b) entropy (J mol* K™) for
hydrogen 1,3-cyclohexadiene, cyclohexene and cycddane used in the
microkinetic model. For the hydrocarbon species, tb values refer to the
adsorption on a clean slab@y = 0), and on a H-covered surface witl®y = 0.11,
0.44 and 0.67. These values are obtained by adjusji those based on DFT to
match the experimentally determined equilibrium codficient. For hydrogen, the
values represent the average of the six hydrogen swiption on a surface
covered with the product of the six sequential hydygenation steps an®y fina -

after each hydrogenation. However, a single adswrpnthalpy and entropy needs to be
introduced in the mean-field microkinetic model,rresponding to a unique hydrogen
adsorbed species. Therefore, these six valuesvaraged to have a single hydrogen value in
the microkinetic model that leads to thermodynacainsistence (see values in Figure 3-8 and
Table B12 in Appendix B). In théy iniial = O case, hydrogen and hydrocarbons are considered
to be adsorbed in different unit cells. Therefaegardless of the hydrogenation step, the
adsorption of hydrogen correspond$to= 0.11 adsorption on a clean surface.

Hydrogen adsorption enthalpy weakens with increastioverage on the surface more
pronouncedly than for the adsorption on a cleafasar Figure 3-8 and Figure 3-9 show the
decrease in adsorption enthalpy from the adsormtid®y = 0.11 on a clean surfac®(nitial =

0) of —125 kJ mak ™, to the average value calculated for adsorptiofnof 0.11 on a surface
covered withOysna = 0.56 and a hydrocarbon molecule (-58 kJ 49l This range of
adsorption enthalpies agrees with the value of kd7@nol,” estimated by Aben et &l.on

Pd/SiQ fitting a kinetic model to experimental benzendhwgenation data.
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Furthermore, for eacBy inija = 0.11, 0.44 and 0.67 case, hydrogen adsorptionagnt is

stronger with increasing the degree of hydrogenatb the hydrocarbon present on the
surface (see Table B12 in Appendix B). This is ustted from the decrease in repulsive
interactions between adsorbed hydrogen and hydsonar from benzene to the partially
hydrogenated intermediates, which are bound to 2 &d atoms, and finally to the fully
hydrogenated physisorbed cyclohexane, leading tdiffarence in hydrogen adsorption
enthalpy of up to ~30 kJ mdl Surface hydrogenation steps are not adapted, tlamd

microkinetic model incorporates the values thatshr@wn in the previous section.

CHAgas+eH,ln|t|al

BH*+ 8 jnitial BH,*+ By initial

-250 - B*+9H,lnmal
-300 - BH3*+8y initial

Enthalpy (kJ mol?)
AR
3

BH,*+8 initial

BHs*+04 initial BHe*+84 initial
-350 4 B,niia = 0; (BH)* + (0.11 H)*; Reference state: Clean surface + Bgas + 3Hj gas
——————— O,init = 0.11; (BH* + 0.11 H)*, Reference state: By,s + 6, = 0.11
O,initial = 0.44; (BH* + 0.44 H)*, Reference state: By, + 6= 0.44
_______ Byniias = 0.67; (BH* + 0.67 H)*; Reference state: By,s + 6,3=0.67

Figure 3-9: Enthalpy diagram of the hollow dominant path of benzene
hydrogenation, calculated at 450 K with the optPBBE/AW functional
considering four different covered surfaces. The laick line represents the
case where the reactants (hydrocarbon and hydrogenare adsorbed in
different unit cells (expressed by BH + 0.11H in the inset). The other lines
correspond to the coadsorption of the hydrocarbon wh 64 = 0.11 (black
dotted), 0.44 (grey full) and 0.67 (grey dotted) ldrogen coverage in the same
unit cell.

A coverage dependence is calculated from everytikinend thermodynamic parameter
obtained at the different coverages. The dependisndescribed by regression of the kinetic
parameters to a third-order polynomial as a fumctd the total coverag@u. The total
coverage represents the occupied sites on thecsufig =1 — 0+); i) Orar = 0.11 when

consideringgni = 0.11 andy = 0.11 adsorbed in different unit celB itiar = 0), i) Ototal =
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0.22, when considerin@gn; = 0.11 andy = 0.11 adsorbed in the same unit c8H ifiia =
0.11), iii) Otota1 = 0.55 wherfgy; = 0.11 andy jnitiar = 0.44, and finally ivPioas = 0.78 when
Ogni = 0.11 andOy iniial = 0.67. All coefficients obtained from the regliessare shown in

Table B13, B14, and B15 in Appendix B.

3.3.2.cValidation of the microkinetic modeling

The coverage-dependent microkinetic model constduan the previous section is solved to
predict catalyst activities at actual reaction dbods, and the results are compared to
previous experimental observations from literatdrd” ° %% %8 ®Contrary to the low-
coverage microkinetic model presented in sectidn the coverage-dependent microkinetic
model constructed from the values in section 3i2.8olved explicitly introducing in the
simulations the coverage dependent rate coeffigient

The results indicate that the TOF from the holloswerage-dependent model (defined as
model A is orders of magnitude larger than that fromltve-coverage model in the previous
section. The turnover frequency at 413WRgn = 62.5 kga s mol'; Fgin = 2.1 10°mol s*;
Fhzin = 2.8 10° mol s*, pgin = 6.7 107 bar; puzn = 0.9 bar) is TOF = 3.5 I, which is in
line with experimental observations at the sameditinms, i.e., 6 10° s* using Pd power
catalyst® (see Table 3-1 and shown in Figure 3-10a at 41®itk a grey triangle), and
smaller than over supported BH*> % 91 % %see the range of values in Table 3-1 and also
shown in Figure 3-10a at 413 K with grey circle$he cyclohexane surface coverage
resulting from the simulations is ~0.8 below 55Q(¢€e Figure 3-10b), which leads to low
benzene and hydrogen surface coverages. The cyaobecoverage is much larger than
expected, since the desorption of this speciesuslly considered as fast and irreversible,

thus its concentration is often neglectad.
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A second modelnfjodel B is constructed to avoid the high spurious cyckasime coverage
resulting frommodel A Since adsorbed cyclohexane is experimentallyerpectedmodel B
considers that the hydrogenation of adsorbed cgelgh directly produces gas-phase
cyclohexane, instead of adsorbed cyclohexane tbatdvdesorb as imodel A.The reverse
reaction, therefore, corresponds to the disso@atdsorption of cyclohexane, yielding
adsorbed cyclohexyl and atomic hydrogen. The ldtéesr been previously reported for other
molecules on metallic surfaces, such as ethanetd Bnd propane on NP' Model B
predicts higher TOF as comparedtodel Aand experimental observations (see Figure 3-10a
and Table 3-1). Furthermore, surface coverageentdne and hydrogen (see Figure 3-10b)
are in better agreement with experimental restilt$® than those irodel A in model B
benzene is the most abundant surface species aattiea low hydrogen and, of course, no
adsorbed cyclohexane is predicted. As the temperahcreases, the TOF in both models
reaches a maximum at about 550 K (see Figure 3-1Hirh is the same predicted at low-
coverage kinetics, and higher than the experimgntakerved temperature at ~ 500"k’

The partial reaction orders calculatednindel Afor benzene and hydrogen are both similar to
experimental values at 413 K, as listed in Table. &ood agreement is also obtained for
benzene itmodel B however, this model overestimates the partiattrea order of hydrogen
(m = 3.3 at 413 K) as compared to experimental mlasens (~1). This is explained with the
smaller hydrogen coverage than benzene coverag®del B as compared tmodel A(see
Figure 3-10b). In both models, the production deimediate species (1,3-cyclohexadiene
and cyclohexene) is negligible as compared to ¢yotane, which is the main reaction

product in line with previous studie¥: %
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b)

Surface coverage

10550 450 550 650 350 450 550 650
Temperature (K) Temperature (K)

Figure 3-10: (a) Turnover frequency (TOF) (§) as a function of the

temperature simulated for the coverage-dependent ketic model A (full) and

B (dotted line). Experimental TOF are shown in greyfor supported Pd

catalysts (circle markers}™ ** *°and for unsupported Pd power (triangle}>.

(b) Calculated surface coverage of benzene (greyhydrogen (black),

cyclohexane (green), and free sites (redyWFgin = 62.5 kga; S mol™; Fgin =

2.1 10°mol s*; Fuzin = 2.8 10* mol s*, pgin = 6.7 10% bar; pu2in = 0.9 bar).
Next, the reactions with the largest influence loa global rate have been evaluated using the
sensitivity analysis. The results indicate thaboth models the second hydrogenation step,
from monohydrobenzene (BH) to 1,3-cyclohexadier®CfD), has the largest influence on
the global rate below 500 K, temperature at whiwh $ensitivity coefficient is g 1 ~ 0.7.
This reaction is followed by the third hydrogenati@action (%a 41 = 0.3), which becomes
the one with the largest coefficient above 500i.K, Xsac1 = 0.7 at 550 K. These results
indicate that there is not a single reaction with targest influence on the global rate, that
these reactions change with the conditions, antltttey are different from those predicted
with the low-coverage model or based on rate coefiis instead of rates. Therefore,
accounting for reaction rates at actual conditiand use of coverage-dependent kinetics is
crucial for determining the reactions with the Esginfluence on the rate.
Summarizing, this work has shown that accountingctiverage effects on DFT kinetics and
thermodynamics and the use of a DFT functional thetter describes van der Waals

interactions than a generalized gradient approxandGGA) functional is required to predict

catalytic performances that are comparable to é@xm@ertal observations. This has been
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performed with the construction of an explicit coage-dependent microkinetic model based
on optPBE-vdW DFT calculations as a function of theface coverages. This model is
solved at the reactor scale as a function of thelitions. Regardless of the coverage, the
reactions with the largest sensitivity coefficiediffer from those proposed from rate

coefficients. Additionally, the reactions with tkergest influence on turnover frequencies in

the coverage-dependent model are different froreghdentified in the low-coverage model.
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Table 3-1: Turnover frequencies (TOF in &), temperature Tma at which the maximum in TOF is located (K), and patial
reaction orders for benzene and hydrogenn(and m), obtained from the two coverage-dependent mode{sodel A and model
B), and compared to previous experimental data. Theesults in model A and B are obtained using the following conditions:
WIFg® = 62.5 kgar s mol; Fg® = 7.4 1Fmol h'; Fy.® = 1.0 mol K, pg® = 6.7 107 bar; pu2” = 0.9 bar)

Catalyst TOF T e TOF =k pg" pr2" (T=413 K)
S K n m
Model A Pd(111) 3518 550 0.04 0.7
Model B? Pd(111) 3.8 550 -0.06 3.3
1sb Pd powder 6 16 495 0.2 1
Chou and Vannice Supported P 6107 —1.1 495 ~0.5-0.15 -1
Orozco and Webb' @ Pd/SiQ ; Pd/ALO; 210%; 7 10 460-480
Vannice and Neikaf® Pd/ALO; 2 10° 0
Figueras et af°' Supported P4 6 10° - 2.5 10" - 0
Fuentes et af®® Pd/SiQ; Pd/ALO; 2.6 10°; 7 10°
Moss et al®®? Pd/SiQ 1510 - 8107 --

2 Model Bconsiders the reaction: c-hexf H « CHAgss+ 2%, instead of the two reactionsmbdel Ac-hexyl + H < CHA™ + * and CHA*~ CHAgs+ *
b Experimental TOF obtained from measured activiie413 K, p,= 0.9 bar, p= 6.6 10? bar, based on chemisorption of CO.

° Pd supported on several supports, such as Zedi®s SiO,-Al,Os, Al,Os, and SiQ

4 Pressure conditions not available

©T=423 K, pup= 1 bar,pg= 2 10 bar

"T= 350 - 450 Kpy,= 0.9 barpg= 7 10° bar

9T=373 K, pup= 1 bar,pg= 2 10% bar
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3.4 Conclusions

Periodic optPBE-vdW density functional theory hasety used to evaluate the catalytic
hydrogenation of benzene over Pd(111). The aimhaf work is to develop a coverage-
dependent microkinetic model from density functiotmeory (DFT) calculations that can be
solved at actual reaction conditions, explicitlig@gnting for the coverage dependence on rate
coefficients.

The 26 reactions paths in the two reaction netwdinlas correspond to the two most stable
benzene adsorption sites, bridge(30) and hollow&d¢, simplified to a single hollow(0)
dominant path, which corresponds to the most readiollow(0) site, as compared to the
bridge(30). The dominant path, which remains domin@gardless of surface coverage,
follows the consecutive hydrogenation of carbometdocated in ortho position relative to
the previously hydrogenated carbon atom.

Adsorption equilibrium coefficients decrease dueh® decrease in adsorption enthalpy with
increasing surface coverage. The rate coefficiémtssurface hydrogenation increase as a
function of coverage due to the lower destabil@atof transition states as compared to
reactants with increasing surface coverage. Foidtter reactions, activation energies and
reaction enthalpies show an excellent correlatiorthie range of coverages studied. This
correlation can be used to predict computationailyre demanding activation energies at
higher coverages using more straightforward reactemergies only. These coverage-
dependent rate coefficients are used to construatia@okinetic model, which predicts
turnover frequencies in the same order of magniaglexperimental observations. This is in
contrast to the results obtained using low-coverkigetics or using coverage-dependent

PW91 kinetics. Furthermore, the reaction on whiwh dverall rate is most sensitive does not
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only change with the conditions but it is also elifint from those obtained with the low-
coverage model. Therefore, accounting for covedgmendences on the DFT kinetics and
thermodynamics and the use of a non-local DFT tfanal that better describes van der
Waals interactions than a generalized gradientaqpmation (GGA) functional required to

predict catalytic performances that can be comptrexperimental data.
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Abstract

Benzene adsorption on Pd(100) and Pd(110) has ibgestigated using Periodic Density

Functional Theory (DFT) calculations. Four-fold loa geometries are preferentially adopted
on both surfaces, and due to stronger repulsivadntions on Pd(100) a larger decrease in
adsorption energy is calculated from medium to rséibn coverage (~120 kJ ml

compared to Pd(110) (~15 kJ rifplOn Pd(100), a slight energetic preference isutated at
saturation coverage for an adsorbate with two Ce@db parallel to the §11] direction.

However, an adsorption geometry with alternately two types afdmnadsorbates, rotated
azimuthally by 30° relative to one another, cannot be discardee sioth geometries are
compatible with UPS and HREELS observations. On Pd(110), ikegeslight energetic
preference for the hollow(0) site relative to the hollow(15) and Wwg86) at saturation
coverage, and their calculated electronic features match UPS experimerite Rollow(30),
calculated vibrational features are not compatible with HREELS ewpats, indicating that
benzene does not populate hollow(30) sites at saturation cov€algelated STM images

confirm that the experimentally observed two-lobed protrusion segharby a single
depression oriented with its direction some 50° frob1(] can only correspond to the

hollow(15) adsorbate. Inclusion of van der Waals interactions (vdW)DiRcreases
adsorption energies by some 50 kJ Tdiut the relative ordering of the various adsorption

sites remains unaltered as compared to PW91.
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4.1 Introduction

The adsorption of benzene on noble metal surfaces is a keynstegrious industrially
important processes, such as hydrotreatment of petroleum feedstockjctimmod of
caprolactam and adipic acid, and for environmental protective technotogiesiano-sized
particles are widely employed as catalysts in industrial heterogeneacttons, due to their
improved catalytic properties compared to their bulk counterpaetg, larger surface-to-
volume ratic® These catalysts can have different particle shapes, e.g. icosahedral, tatrahed
octahedral, cuboctahedral, and decahétvatich usually exhibit the (111), (100) and (110)
surfaces, together with edges and steps. The particle shape can bdecobtyotareful
selection of the preparation technigtiasd, usually, the (111) surface is the most abundant
surface® However, this does not imply that the other surfaces do fioeirte the adsorption
mechanism and reaction kinetics; different catalytic performances have beswedbwith
different shaped and sized catalysts, suggesting an influenceathtéresurfaces, step and/or
kink sites® 7 Structure sensitivity has been previously reported for the bgdetion of

benzené °and other unsaturated hydrocarbdfis*

Insights in the interaction of benzene with the different Pd sesfaan help to understand
and improve the behavior of Pd nano-sized catalysts. Benzene adsayptivarious Pd
surfaces has been studied extensively using a variety of surfaceicahalgthniques,
including low-energy electron diffraction (LEEBJ'® near-edge X-ray absorption fine

structure spectroscopy (NEXAFS),* thermal desorption spectroscopy (TPD);® #2

electron energy loss spectroscopy (EEESY '® 21 2427 gcanning tunneling microscopy

(STM)'" 23 28 293nq yltraviolet photoemission spectroscopy (UPS)}? 28 3039 addition,
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benzene adsorption on various transition metals has been stsiigdheoretical techniques

such as periodic density functional theory (DFF)3*%’

The adsorption of benzene on Pd(100) has not been extensivabdstu®S studigd 3 %
have proposed a flat geometry based on the downward shift of theneerarbitals, which
indicates that bonding with the surface mainly occurs viawhsgtes™ Lloyd et al*® pointed
out that the photoemission spectra of Ni(111), Pd(111) andOBd@re very similar and
suggested the same adsorbate orientation for the different surfaceswirofvihe similar
variation of the intensities with the emission angle. In tawdi they suggested a reduced
metal/adsorbate interaction through tteelectrons for Pd compared to Ni. Furthermore,
Nyberg et af® proposed an adsorbate with,Gymmetry or possibly lower, and Hoffmann et

al®' observed an ordered overlayer of benzene wi2)(&tructure that desorbed at 500 K

leaving behind a carbon residue.

Although benzene adsorption on Pd(110) has been studied grtgnsihe detailed atomic
structure of the adsorbed benzene and the corresponding site symmetill ander debate.
LEED™ %" and STM measurements®® **have established that on Pd(110) benzene prefers
the four-fold hollow sites and forms a c(4x2) overlayer at saturaimerage. Analysis of
angle resolved UPS (ARUPS) experiments lead Netzer'&talconclude that at saturation
coverage the adsorbed complex should have a lower thasy@metry. These authors

proposed that the benzene molecules are azimuthally orientedwuaitbftthe C-C bonds
parallel to the ﬂ.iO] direction @ = 0°) and tilted towards the [001] direction with a tilgén

0 of 10-20°. It was hypothesized that the driving force for fkedticonfiguration of benzene
is the decrease of lateral repulsions between neighboring benzerauleml| the densely
packed c(4x2) overlayer on Pd(110). Fujisawa €t also proposed a tilt of the molecular

plane based on the coverage dependence of the intensity ratio of tbattafeplane losses
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observed at 705 and 745 ¢nin HREELS measurements. However, STM studies and
quantum chemical calculations reported by Yoshinobu ¥t &.%?and Treboux and AoRd
indicate that the low site symmetry might rather be due tasgmmetric azimuthal rotation
of benzene relative to the substrate lattice, while the moleclaae pemains parallel to the
surface. As pointed out by Yoshinobu et’&the observed nodal depression with its direction
50°-60° from [110] in the STM images suggests an azimutal rotation of 10° {203 the
[001] direction and a Csite symmetry. For the Ni(100) case, Huber €f also reported a
preference for flat adsorption of benzene based on analyses of ARUPSeaneads. At half
the saturation coverage on Ni(100), these authors obsepyexyi@metry and concluded that
benzene prefers the four-fold hollow site with its molecular pfarallel to the surface and
two of the C-C bonds parallel to the [001] directign=(30°,0 = 0°). At saturation coverage,
they observed that the molecule remained flat but a new conformatlo € tvsymmetry was
adopted due to strong lateral interactions that lead to aruttahrotation of the molecule
away from the high symmetry adsorption site. More recently, Favaal®* performed
periodic DFT calculations in the local density approximation AlDusing ultrasoft
Vanderbilt pseudopotentials for the Pd(110)-c(4%2)-benzene systepredidted a C2 low-
symmetry configuration with an azimuthal anglef [111°. A distortion of the carbon ring
from the planar geometry was observed and the C—H bonds werestittexl20-25° out of the
molecular plane away from the metal surface. STM images calculated fos tbhafiguration

were found to be compatible with the experimental data.

To minimize the computational cost, theoretical studies on beremsorption usually pertain
to a single coverage. However, the benzene surface coverage can h@e edfémt on the
adsorption energy and on the reaction rates, even more than thendran one metal to

t40

the next™. Therefore, the interaction between benzene and the surface needs to $stlasses

also at high coverage. In this work, periodic DFT calculationsised to study the adsorption
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of benzene on the (100) and (110) surfaces of Pd at medium coverageidos\adsorption
sites, and at saturation coverage for the most stable ones. Galcadistorption energies and
geometries, vibrational frequencies, electronic properties and STM imagessetetal

compare different adsorption sites and to evaluate the coverage efféletsamisorption.

4.2 Methodology

Periodic (DFT) calculations have been performed with the Vienna Alp iSitmulation
Package (VASP}™** to obtain adsorption geometries, energies and vibrational freigsen
The interaction between electrons and nuclei is modeled usingdjeetpr augmented wave
method (PAWY"™ “*®and the wave function is expanded in terms of plane-wave basisitets
a cutoff of 400 eV. The exchange and correlation effects are describiedhe nonlocal
generalized gradient Perdew-Wang PW91 functidh&f The partial occupancies close to the
Fermi level are evaluated with the first-order Methfessel Paxton metbodwhich a
smearing width of 0.3 eV is applied. A%x1 Monkhorst-Pack grid is used for Brillouin-
zone integration, and non spin-polarized calculations are performedel€&btronic energy
convergence criterion of TOeV is considered, and the geometry optimization is performed
until the maximum forces on the atoms are at least lower than @W#6 using a quasi-
Newton RMM-DIIS algorithm. These strict criteria are required to agpigrious imaginary

frequencies in the vibrational analysis.

The generalized gradient approximation (GGA) functionals commasdd in DFT, such as
PW91 and PBE, do not properly describe the nonlocal natutedadléctron correlation,e.
Van der Waals interactions (vd\WA This shortcoming can hamper the calculation of binding
energies, energy barriers for diffusion, activation barriers for reac®mell as interaction

energies between molecules and surfatesarticularly in cases where van der Waals
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interactions have a significant contribution to the total en&dy. the case of aromatic
adsorption, noble metals such as Ag, Au and Cu have been jeetafmumerous studig's
338 since no covalent bonds are formed between the surface and the arooheticlen and
hence physisorption controls the adsorption mechanism. Thesactisas may be less
pronounced on metals such as Pd or Pt, however, accountingspargion interactions is
necessary to assure accurate results closer to experimental values. dReetogments in
numerical algorithms® have made affordable the implementation of the nonlocal van der
Waals density functional (vdW-DF) developed by Rydberg and Biott in VASP by
Klimes et a” ® This is a completely DFT first-principles approach without étting
parameters. This approach replaces the contribution of the correlagiaqgy @ontained in the
GGA functional by the one from the local density approximatiddA) to avoid possible
double-counting, and adds the non-local correlation. The optRBEfunctional’ is used in

the vdW-DF approach because it provides results that are in goeenegnmt with

experimental adsorption energies of benzene on transition metal sutfates

To represent medium and saturation coverages, W@xp2)R45° and (2x2) unit cells are
used for Pd(100) (see Figure C1 in Appendix C), while the (4x@)(2r2) unit cells are
considered for Pd(110) (see Figure C2). Four and five layers of Pds ahoen used
respectively to model the (100) and (110) slabs. During geonogtiynization, for both
surfaces, the bulk structure is imposed on the two bottom laydle slabs while benzene
and the top layers are relaxed. The geometry of the fcc bulkcahiis optimized as a
function of the volume with the same computational settingeeasuper cell but with a finer
15x15x15 Monckhorst-Pack grid and an energy cutoff of 520 eV. In the aatii of both
surfaces, a vacuum layer of 11 A is used in the direction perpéardiouthe slab, and an

artificial dipole layer is included to correct for possible dipokeractions between periodic
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slabs. Convergence tests indicate that this approach yields amisapergies within 1 kJ

mol™ of those calculated with a vacuum layer of 70 A in the absendpalédorrections.

To compare the stability between the different possible adsorliagesadsorption energy
(AEqgs) is calculated as the difference in electronic energy between the adssulbface

complex, the gas phase molecules and the clean slab, as show(in eq.

AE, gsenzens Eadsorbate Egas_ Eslat (1)

With Eadsorbate, Egas, @aNdEgap as the electronic energies of the adsorbate-surface complex with
a particular coverage, the gas phase benzene molecule, and the ttleah taspectively. To
understand trends in adsorption energies it can be helpful to deserthe adsorption energy

in three parts:

_ =dist dist
AEads_ olecule+ urface+ Einterac (2)

Efr',igfecme represents the distortion energy of the molecule, and is calculated dsference

between the energy of the molecule in the gas-phase and the endrgysuiiated gas phase
is

benzene in the distorted adsorption geomeﬁgﬁr%aceis the distortion energy of the surface,

calculated as the difference between the energy of the clean unit celeardergy of the
clean unit cell in the distorted geometry of the adsorbed comfdex. ... is the interaction

energy between the molecule and the surface, calculated as the difference kamveen

adsorption energy and the sum of the distortion energies ofdleeunle and the surface.

The harmonic frequencies are obtained from a partial Hessian vibrationiau{RIMYA) of
the optimized geometry by using a step size of 0.015 AffElgeencies are calculated for the
adsorbate and the Pd atoms in the layers that are relaxed duriggothetry optimization.

For comparison with experimental HREELS spectra, the infrared ititmngind vibrational
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frequencies are calculated with ASHising the methodology described by Porezag and
Pedersoff. The intensities of the simulated spectra are computed by usindinite
difference approximation of the dipole moment gradient perpendiculbetsutrface, and the
finite difference approximation of the dynamical matrix is used forfteguencies. For
comparison with experimental spectra, a line broadening of 60acr 36 crit for the (100)

is applied for the (100) and (110) respectively according with teetispreported by Waddill

and Kesmodéf and Fujisawa et aP.

The projected density of states (PDOS) of the adsorbates on the dgazephase molecular
orbitals has been obtained using the grid-based projector-augnveatedmethod (GPAW)
progrant’ ®®within the ASE environmerit The uniform real-space grid representation of the
electronic wavefunctions within GPAWfacilitates expressing the wavefunctions in terms of
a localized atomic-orbital basis $&tThe single-point GPAW calculations are performed on
the geometries relaxed in VASP using the same setting, bubwithipole correction field,
and the gas phase orbitals are obtained on the molecule constraitedgometry in the

adsorbed state (in the same unit c&ll).

The simulated scanning tunneling microscopy (STM) images are edt&iom the partial
(band decomposed) charge density generated by VASP, using tioéf-Fenmann method

implemented in the p4vasp visualization program.

4.3 Benzene adsorption on Pd(100) at medium and

saturation coverage

In this section, benzene adsorption on Pd(100) is evaluated atrmedverage and the most

stable sites are further investigated at saturation coverage. Adsoretiergies and
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geometries, vibrational frequencies, electronic properties and STM imagessetetal

compare different adsorption sites and to evaluate the coverage efféletsamisorption.

4.3.1 Adsorption energies

Six high-symmetry sites are evaluated for benzene on Pd(100) at meduwarage (see
Figure 4-1) using a (2x2V2)R45° overlayer (see left panels in Figure 4-2). The surface area
of the unit cell used amounts to 6.271an? therefore, the calculations correspond to a
coverage of 1.6 I8 molecules per iy i.e. half of the experimentally observed (2x2)
saturation overlayer structure at 300°)KThe calculated adsorption energies are given in
Table 4-1, and indicate that on Pd(100) the four-fold hollovi® isithe most stable site with
an adsorption energy efl59 kJ mof, closely followed by the hollowA site with a 3 kJ ol
lower adsorption energy. At the hollowB site, two C-C boaoflbenzene are parallel to the
[001] direction, and benzene is azimuthally rotated away byfrtsi the high symmetry
hollowA site. The three bridge sites (A, B and C) and the top s#teliscarded as possible
adsorption sites since they are more than 70 kJ' lesk stable than the hollow sites. Larger
adsorption energies have been calculated for hollowB benzene orOpPdfitd periodic DFT
calculations by Li et al’ (-208 kJ mof) and Orita et af* (-196 kJ mot) but for much lower
coverage (1/4 and 1/3 of the experimental saturation coverage, resp.pafte relative
ordering in stability of the three types of sites was found irF& Btudy of the Ni(100) case
by Mittendorfer and Hafnéf: At half saturation coverage on Ni(100), the four-fold hollow
sites are strongly preferred over the bridge and top sites. Howeveontrast to our
calculations on Pd(100), there is a slight preference for the hollsiteAAE.qs = —206 kJ
mol™) over the hollowB site AEags = =203 kJ mof) on Ni(100). Our calculations also
confirm the weaker adsorption on Pd compared to Ni as suggestibeé byPS analysis of

Lloyd et al. [46]. Inclusion of van der Waals long-range inteoastidoes not change the
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ordering in adsorption strength, see values between bracketslen4Fapand an increase of ~

50 kJ mot* in adsorption energies is obtained compared to the PW91 values.

Geometrical characteristics of benzene adsorbed at the hollowA andBdites at medium
coverage are summarized in Table 4-2, and illustrated respectivatyire 3 and C4 of the
Appendix C. Only the PW91 values are shown and discussedthmg@eclusion of van der
Waals forces (opt-PBBY ®2 has only a very limited influence on the geometry of the
adsorption complexes; changes remain below 0.02 A as compatexvalues obtained with
|2°

the PW91 functional, in line with the observations made bydayet al™” in their theoretical

study of benzene adsorption on noble metals.

Y

HollowA

011 HoliowB

Top BridgeC
> [o1]

Figure 4-1. The six adsorption geometries evaluatefdr benzene on Pd(100).
Pd atoms in the top layer are colored blue for eassf interpretation.
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Figure 4-2. Surface overlayer of benzene adsorptioat medium coverage on
(a) hollowA and (c) hollowB sites, and at saturatio coverage on (b) hollowA
and (d) hollowB sites. Distances between the centeof neighboring benzene
molecules in the [011]and [ 011] directions, and the closest H-H distances are
shown in picometer.

Table 4-1. Adsorption energies of benzene at thexsadsorption sites evaluated on
Pd(100) at medium coverage (1.8 ¥dmolecules per rif) with the azimuthal angle

(@ shown in °. The adsorption energies calculated ung the opt-PBE vdW-DF

functional are shown between brackets.

Adsorption site (@  AEags(kJ mol™)

HollowB (15°) —-159.1 £204.3)
HollowA (0°) -156.4 201.7)
BridgeA (0°) -90.9 (139.0)
BridgeB (15°) —-86.8 (135.8)
BridgeC (30°) -83.3 £137.1)

Top (30°) ~14.7 £71.1)
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At both hollow sites, the carbon ring expands as the C-@riss increase from 140 pm in

gas phase benzene up to 145 pm but remains planar with twe Gf@hbonds parallel to the

high symmetry direction of the crystal, i.e. the [001] directior hollowB and the Pli]
direction for hollowA, at a distance of 215-230 pm from the fitdtlayer (see Table 4-2).
Like in the case of the Ni(100) surface,72 maximization of therlap between the Pd d-
states and the benzene Cpz orbitals causes a tilting of thegeydbonds. At the hollowB
site, the tilt angle is less pronounced for the hydrogen atmmsected to the four carbon
atoms that are involved inm&type interaction with the surface and have Pd-C distances of
~230 pm (tilt angle of 18°). For the other two hydrogen atormei@cted to the two carbon
atoms that are involved in @type interaction with the surfacedgs.c = 215 pm), the tilt
angle amounts to 23°. At the hollowA site, the C-H tilglanfor the hydrogen atoms
connected to the two C—atoms that bridge the Pd-rows ipteasunced (14°) than for those

connected to the fowr-bonded C-atoms (24°).

Benzene adsorption at the two most stables hollaavdl hollowB sites has also been
investigated at the experimentally reported saturation coverage &,306ee Figure 4-2.
This is performed for a (2x2) overlayer, and the calculationsdbusspond to a coverage of
3.2 10® benzene molecules pefimAt saturation coverage, only the hollowB site was found
to remain stable for the (2x2) overlayer, yielding an adsorption erdrgg9 kJ mot', see
Table 4-2. The hollowA adsorbate, however, was found to rotdtesinptimization to adopt
the hollowB geometry due to repulsive interactions between naigigb molecules. The
decrease in adsorption strength of 120 kJ'mmfl the hollowB site as compared to the
medium coverage case (see Table 4-2) is mainly due to the more pronalistoetbn of
benzene, see the geometries in Figure C3 and C4 in Appendix @ émel occurrence of
strong adsorbate-adsorbate repulsive interactions between neighbenngné molecules.

The distortion of benzene modifies mainly the C—C bond lengtid the C-C-C angles.
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Although the C-H bond lengths remain unaltered, the hydrogemsatore also lifted
somewhat further out of the plane of the carbon ring (22° and 24pared to 18° and 23° at
medium coverage). The closest distance between the hydrogen &toenghtboring benzene
molecules amounts to 168 pm (see right bottom panel in F&@)eand, hence, important
repulsive interactions can be expected. An adsorbate-adsorbate regmsrgy of about 80
kJ mol' is estimated by calculating the difference in energy between distges phase
benzene in the hollowB geometry in thex22 unit cell and in a very large unit cell
(15x15x15 K), in which the lateral interactions are excluded. The inclusiomofder Waals
interactions increases the stability of the hollowB site by Ibl* (see in Table 4-2 the
values between brackets). The calculated adsorption ener@6d€J mot* is some 30-35 kJ
mol ™’ less than the value reported by Hofmann ef'alhese authors reported a desorption
peak at 500 K for the (2x2) surface overlayer on Pd(100) and estimaseid@iption energy
of =120 kJ mol assuming first-order desorption kinetics and non-dissociative aisorp
This peak could also correspond to the decomposition of thecoielsince a carbon residue
was observed after desorption. However, Gentle and Muetf@nt&morted that benzene is

stable at 500 K with maximal thermal desorption and dehydrogenagiar 550 K&

Although the hollowB geometry agrees with the observed (2x&)ayef' and the reported
C,y or lower symmetry at saturation coverdge®! alternative geometries that are also
consistent with the experimental data can be considered. Therefor@averevaluated two
alternative structures in which adsorbate-adsorbate interactionsnaegvkat alleviated. The
first alternative has been suggested by Nyberg ¥} #lcontains two benzene molecules per
(2V2x2V2)R45° unit cell with both benzene molecules oriented paralléigh symmetry
directions, i.e. hollowA’, but azimuthally rotated relative teeanother ¢l = 0°; @2 = 30°;

see the top right panel of Figure 4-2). This is found to berbddl less stable than the
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Table 4-2. Adsorption energies and geometrical chacteristics for the adsorption of benzene on Pd(100for the
(2V2x2V2)R45° (medium coverage) and (2x2) overlayers (sasiion coverage). The opt-PBE vdW-DF adsorption engies
with are shown between brackets.

Medium coverage Saturation coverage

hollowA hollowB hollowA’ hollowB hollowB’ (8 = 17°)
oL @ (°) 0, - 15, - 0, 30 15, - 15, -
AEags kJmol® -156.4 (201.8) -159.1 (204.3)| -34.1 (83.7) -38.6 (86.0)  —20.2 (75.6)
M kJ mol* -250.3 -249.6 -216.3 -220.3 -101.3
EYS (slab) kJ mot 14.3 15.3 14.7 8.4 5.9
E% (benzene) kJ mdl 79.6 75.2 167.5 173.3 75.2
dec pm 140/145 140/144 138-143

143/145 141/145

dTic.pg pm 227/231 226/228 223-225
doc.pq pm 217/220 215 215/219 214 227-228
den pm 109 108/109 107/109 109 108-109
Ogenzene-1stPdiayer PM 213 212 207 206 205
Oist2nd-Pdiayers  PM 199 201 226 203 202
CcCccC 0 119/121 119/121 118/124 116/122 117-122
CCH 0 14/24 18/23 22-25 22-24 11-21
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hollowB site at saturation coverage (see Table 4-2). Another agdiballeviate adsorbate-
adsorbate interactions is that benzene at the hollowB sit&vadopt a tilted conformation.

A tilted conformation with the molecular plane inclined at 30ifrthe metal surface has
been observed for Pd(11)A conformation with the benzene molecular plane tilted by 17°
was identified as a minimum on the potential energy surface @lwB’ in Table 4-2),
however, this tilted conformation is 18 kJ mol-1 less stdide benzene in a flat geometry at

the hollowB site.

4.3.2 Vibrational properties

The effect of coverage on the calculated vibrational spectra has bdeateddor benzene
adsorbed at the four-fold hollowA and hollowB sites on Pd(1D@tails on the vibrational
frequencies of the two hollow sites at medium and saturation gevesm be found in Table

C2 of the Appendix C.

Four types of vibrational modes are observed at medium and gatucdverage, as
illustrated in Figure 4-3, namely they out-of-plane bendingycc stretching motions (ring
deformation),dcy in-plane bending, andcy stretching motions. Clearly, the vibrational
frequencies for the hollowA/A’ and hollowB sites are very similar (sgpirE 4-3). At
saturation coverage, two peaks are calculated fovdghstretching modd,e. 3002 and 3220
cm™ for hollowB and 3079 and 3371 &nfor hollowA’, while at medium coverage only one
is found (3096 cif). Visualization of the vibrational modes at saturation coveragestie
breakup of thisvcy stretching mode in two separate peaks, each in a different range of
frequencies, corresponding with two different types of C-H bonalistiie hollowB site, the
stretching mode of the two C-H bonds with the carbons invdlvéldes-type bond with Pd is
found at 3002 ci while the loss at 3220 ¢hcorresponds to the deformation of the other

four C-H bonds with the carbons involved in theype bond with the surface. Botly
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stretching modes are more or less equal in intensity. For thea#dlkite thevcy stretching
mode that corresponds with the deformation of the four C-H bamaslying the carbons that
arec-bound to the Pd atoms, is found at 3079'cifhis mode is more intense than the 3371
cmitvey stretching peak of the C-H bonds involving the carbon atbatsridge the Pd rows.
Experimentally, a single loss at 3010 tis observed at 300 K for thigy stretching mode in
the HREELS spectrumi’. For the hollowB site but not for the hollowA’ site, a #&m
breakup at saturation coverage was also observed for a ring deformmaddm with two
computed peaks at 1320 and 1520dimat stem from a single mode at 1454 cat medium
coverage, as shown in the inset of the right panel in FigiBeHere too, the calculated
frequency of 1442 cthfor the hollowA’ site is in better agreement with the experimentally
observed loss at 1425 &mHowever, the experimental spectrum in off-specular mode
reported by the same authors shows an additional peak at 1326vbioh may be related to
the one we have computed at 1320"cfor the hollowB site at saturation coverage. This
mode has a small contribution in the direction perpendiculartsulface, which can explain

why this peak is obtained in the IR spectrum applying tbele selection rule.

For thedcy in-plane bending mode the calculated values of 1176 fumhollowA’ and of
1157 cn* hollowB at saturation coverage are in good agreement with therimentally
observed loss at 1115 &mat the same coverage. The same frequency of 92% ism
computed for the out-of-plane C-H bending mode for both sites imfmeement with the
experimental loss at 817 ¢mAlso for the high-intensity out-of-plane C-H bending mode
experimentally observed at 720 ¢naery similar values are calculated for the hollowA’ and

hollowB sites (715 and 721 ¢hrespectively).

It can be concluded that the calculated spectrum for the hollowd'’bstter matches the

experimental HREELS data than the one for the hollowB sitepmrast to what could be
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expected based on the slight energetic preference at saturation coveragddtiet site (see

Table 4-2).
a) hollowA b) hollowB
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Figure 4-3. Calculated infrared spectra for benzeneadsorbed at the (a)
hollowA/A’ and (b) hollowB sites on Pd(100) at medim (dotted lines and
grey numbers) and saturation coverage (full linesrad black numbers).

4.3.3 Electronic properties

The electronic density of states (DOS) of benzene adsorbed at A&’ and hollowB
sites on the Pd(100) surface at medium and at saturation covertigstnated in Figure 4-4.
Since the electronic structure obtained including van der Waalsdtiters is very similar to
the one from the PW91 calculations (see the comparison in FiZjuie the Appendix C),
only the results using the PW91 functional are discussedcdlhelated electronic structures

are in good agreement with photoemission spectroscopy experifhé&nts

The Pd(100) 3d-band of the clean active site extends up to boswéngies of-5.2 eV and
overlaps with the gas phase benzar{éa,, 1egand @, and 3gy (0) states (see top panel of
Figure 4-4); the gas phase,ldmn) state also overlaps with the bottom of the s-band. For

convenience the gas phase benzene molecular orbitals are shown re E@uof the
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Appendix C. At medium coverage, the work function decreases-1b§ eV for both
adsorbates, while larger decreases-df4 eV and-1.75 eV are computed at saturation
coverage for the hollowA’ and hollowB, respectively (see Table 4e8¢ating a net electron

transfer from benzene to the Pd(100) surface.

Comparison of the right panels in Figure 4-4b and Figure 4-4ealevhat at medium
coverage the contribution of the benzene states to the DOS ofdbbed complex is very
similar for both adsorbates. Analysis of the PDOS projected ordidterted gas phase
benzene molecular orbitals (see Figure 4-5) confirms the flat configumaitibenzene at both
sites®” 3" 38 since bonding with the Pd-surface mainly occurs via interactitntie benzene
Testates (1a, leg and @y). At medium coverage, the benzemestates are resonantly
broadened and shifted by interaction with the metal bands, while-states are only weakly
perturbed (see Table 4-4). Coupling of the benzeng(teHOMO) orbitals with the Pdy¢
states leads to a strong depletion of Rgdj, states from binding energies €10 eV up to
—7.5 eV (see top panel in Figure C7 in the Appendix C) andpearance of new Pg,¢d,,
states with binding energies ranging frei eV up to and extending above the Fermi level.
As illustrated in the bottom panel of Figure C7, interactionheflienzene aorbital with
the Pd ¢, states leads to a depletion of Bd states in the range efl0 eV up to-7 eV and

the appearance of new Pg dtates at binding energies frorb eV onwards and extending

above the Fermi level.

The PDOS shown in Figure 4-5 indicates that both thgdl®l ¢, derived states are strongly
broadened. In line with an STM study by Yoshinobu &f &r the Pd(110) case and a DFT
study of Mittendorfer and Hafner for Ni(100Y, the HOMO (g,) derived states are split up
with the bonding states peaking arou#d8 eV below the Fermi level, while the antibonding

states extend up to the Fermi level. Hence, a downward shift éethstates of some 1.8 - 2
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eV relative to the less perturbed,2aan be suggested. In agreement with Upg 3 74 7

and inverse photoemission spectroscopy (IPES)measurements for benzene adsorbed on
transition metals, the LUMO derivedestates peak at some 2-3 eV above the Fermi level.
Our calculations also confirm the findings of Nyberg et®and Hofmann et &f who
reported that in the UPS spectrastates resulting from the interaction with the danzene
orbital appear at the leading edge of thg, 8estates located at bonding energies around 7 eV
below the Fermi level. Analysis of the PDOS (see Figure 4+f)dureveals that, at medium
coverage, the benzewestates are slightly broadened and that the degeneracy of thentb
2by, states is lifted as is the degeneracy of the twg Sates albeit at saturation coverage
only. Also, the canting of the {states to maximize the,-f»4 overlap and the concomitant
tilting of C-H bonds, as mentioned before, is reflected in thelsroalribution of the p

orbitals to the 3g derived states as can be seen in Figure C8 in Appendix C.

At saturation coverage, the shortest distance between the benzenelesolecthe (2x2)
overlayer is strongly reduced as compared to medium coverage andtartmmsome 170 pm
(see Figure 4-2). Therefore, adsorbate-adsorbate interactions become imgtostetatration
coverage (see section 3.1). The presence of strong lateral interactiansati® coverage is
particularly evident in the shape of the bands originating fronothevels as illustrated in
Figure 4-5. The PDOS thus confirms the important effect of reuisteractions on the
stability of benzene adsorbed on the Pd (100) surface with increasiegage. In agreement
with UPS experiments®, the increased dispersion of tiestates induced by adsorbate-
adsorbate interactions is most strongly pronounced on the mteder 3g and the 3g
states that have a large contribution from H(s) electrons (see Fidur@nd-Figure C8 in
Appendix C). Similar observations were made by Mittendorfer and H&fretheir periodic
DFT study of benzene adsorbed at the hollowA site of Ni(10®)tle bands derived from

the la, leg and g, benzenatlevels, the increased coverage induces only a small upward
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shift in agreement with the weaker bonding at higher coverage. ¢uogalculations, a down
shift of, respectively, 1.8 eV and 1.1 eV of thesland la, levels relative to the vacuum level
can be suggested, which agrees fairly well with the observation fofata et af* that the

ionization energy of thet-orbitals, 1g4 and la,, is increased by about 1.1 eV relative to the

o-orbitals.
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Figure 4-4. a) Density of states (DOS) of benzene gas phase (black),
together with the DOS projected on the d states dhe clean active site on
Pd(100) (grey). bl) DOS projected on all atoms ofdmzene adsorbed for the
hollowA and hollowA’ geometries (black) on Pd(100)left and right panels

respectively, and DOS projected on the d states dfie covered active site
(grey). b2) DOS projected on all atoms of benzenedsorbed for hollowB

geometries (black) on Pd(100), and DOS projected othe d states of the
covered active site (grey) and. Left plots represémmedium coverage for the
(2V2x2V2)R45° overlayer, and right panels represent the saration coverage

for the (2x2) overlayer. All energies are relativeto the vacuum level. The
Fermi level is indicated with dotted lines.
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Table 4-3. Characteristics of the (§2x2V2)R45° and (2x2) overlayers on
Pd(100) for adsorption of benzene at the hollowA ahhollowB sites.

AE ags ®  (e0Evad® (e¢-Er)  d-band width®

(kImol™y  (eV) (eV) (eV) (eV)
Bare Pd(100) -  -5.15  -6.89 -1.74 3.39
hollowA (2V2x2V2)R45°  -156.4 -3.86 -5.88 -2.02 3.31
hollowA’ (2V2x2V2)R45% 341  -3.74 -5.67 -2.30 3.44
(2V2x2V2)R45°  -159.1 -3.87 -5.87 -2.00 3.31

hollowB
(2x2) -382 -3.40 -5.73 -2.33 3.37

4d-band center of the occupied states of the first (top) layer of Pd(100)
® d-band width at half height for all states of the active site
° Two benzene molecules wigh=0° andg,; =30° adsorbed on the2x2V2)R45nit cell

Table 4-4. Calculated energies of molecular eigeragés of benzene in gas
phase, adsorbed at the hollowA and hollowB sites dnd(100) at medium and
saturation coverage. Energies are related to the eaum level. All orbitals are
named in line with Mittendorfer and Hafner. 2

Medium coverage Saturation coverage
Orbital Benzene gas hollowA hollowB hollowA’ hollowB
leyg (D) -6.0 -8.8 -8.9 -8.8 -8.7
3ey -8.0 -9.0 -9.0 -9.0 -89
1apy (1) - 8.8 -10.7 ~11.0 -10.7 ~10.4
3ew —10.0 -11.5 -10.9 - 10.6 -10.8
1by, —10.6 -11.7 -11.5 -11.2 -11.6
2by, -11.0 -12.4 -12.0 -11.7 —-12.2
3ay -12.6 -13.8 -13.3 -13.0 -134
26 —-14.6 -16.1 -16.3 - 15.6 —-15.8
3ew —-18.3 -19.2 -194 —-19.2 —-19.2

2ay4 -21.1 —22.4 -22.2 -21.9 -22.0
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Figure 4-5. Projected DOS on selected molecular aithls of gas-phase benzene for the hollowA adsorlabn Pd(100) at (al)
medium and (a2) saturation coverage, and for the HlowB adsorbate at (b1) medium and (b2) saturatiortoverage.
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STM images of adsorbed molecules on solid surfaces can give \@alan&rimation on the
adsorption sites and the orientation of the adsorbate withateBpéhe substrate latti¢8.
However, the observed internal structure of the STM images islireattly related to the
atomic positions but depends on the electronic structure of thebatisand the surface. It is
known that the local density of states (LDOS) near the Fermi leagl & significant
contribution to STM image®. Our calculated constant current STM images on a plane at ~1
A above the carbon atoms for different tip bias potentiais €V) and adsorbate orientations

(A’ and B) at saturation coverage are shown in Figure 4-6.

[-1,0] [-0.05,0] [0,1]

[011][
[011]

Figure 4-6. Constant current images on a horizontaplane at ~1 A above the
carbon atoms of benzene adsorbed on Pd(100) at sedtion coverage for the
hollowA’ (top) and the hollowB (bottom) configurations at different bias
potentials ¢ (left: € = +1 eV; middle:e = +0.05 eV, right:€ = -1 eV).
For both hollowA’ and hollowB, the STM images at saturatiomecage clearly show two
protrusions separated by a node-like depressien=at0.05 eV while a round-like shape is

calculated at higher bias voltages< £1.00 eV) for the hollowB. For the hollowA’, the
depression coincides with the high symmet@1]] and [Oli] directions while for the
hollowB it forms an angle of45° with the [011] direction. As pointed out by Sautet and

Bocquet’® the calculated STM image can be understood from the PDOS for tleeutan
orbitals as well as their symmetry and spatial character in the lateeaktion. For the

electronic states that derive from a molecular orbital to contributeetd&STM image, the
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PDOS on that molecular orbital must have a substantial cotmbat the Fermi level and it
also must have a relatively slow decay into the vacuum redienenthe tip apex is locatéd.
The final STM image results from the electronic interferences betwesnnthvidual
molecular orbital contributions and the direct tip-surface througltesgontribution. These
effects depend on the orientation of the benzene molecule and axatp lthe preponderance
of one of the orbitals oE symmetry in the STM imag@. As discussed above, in the
hollowA’, the degeneracy of the ke(HOMO) orbitals is lifted and only one of theie
orbitals contributes to the STM image. This orbital presentsdalrmmane along the(11]
direction for one of the benzene molecules while for the other benzereuieoit is oriented
along the [011] direction. For the hollowB too, the main contribution be tDOS near the
Fermi level stems from only one of the;derbitals and the STM image reflects the symmetry
of the 1gq orbital with the nodal plane at an angle of ~45° from thbi[l direction. Also, for
the hollowB, the contribution of one of the LUMO derivegl states to the DOS becomes
more important in the energy range-fE1 eV, K] resulting in the round-like shape of the
STM image at higher bias voltages € £1.00 eV). To best of our knowledge, no
experimental STM images of benzene adsorbed at Pd(110) are availableraturi
However, our calculated STM images indicate that the STM pattam be used to
differentiate between the two possible configurations, hollowA’ aotiowB, of the

experimentally observed X2) benzene overlayer on Pd(100).

In summary, our DFT calculations indicate that on Pd(100xdyem prefers the four-fold
hollow sites and adopts a flat geometry in which the molecudawepk oriented parallel to the
surface and the C-H bonds are tilted some 18°-25° out of the plathe carbon ring; the
degree of tilting of the C-H bonds increases with coverage. At ladélfragion coverage

benzene may populate hollowAnd hollowB adsorption sites. In the (2x2) overlayer
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experimentally observed at saturation coverage, a slight energeticepoefesf 3 kJ mal is
calculated for the hollowB benzene in which two of the CC bonderaeted parallel to the
[001] direction. However, given the accuracy of the periodic DFGutations an adsorption
geometry with two benzene molecules per unit cell that are orienteteptrdligh symmetry
directions but azimuthally rotated by 30° relative to one anotteerhollowA’, cannot be
discarded. Also, the calculated vibrational and electronic features torcbofigurations are
compatible with UPS and HREELS experiments. The decrease initgtabisome 120 kJ
mol ™’ at saturation coverage as compared to medium coverage can be mainlyeeixphain
strong repulsive interactions between neighboring benzene moledilies presence of
adsorbate-adsorbate interactions can easily be observed in photoerspgsctroscopy from
the dispersion of the-states originating from the ggand the 3g, benzene orbitals that have
an important contribution of H(s) orbitals and might also be nmeéicaple in HREELS from
the computed breakup of they stretching mode that can be expected to appear at saturation
coverage. The calculated STM images indicate that STM can be uséfdrentiate between

these two possible configurations of th&Zpoverlayer at saturation coverage.

The inclusion of non-local van der Waals interactions does not ehidweggeneral picture;
although the absolute adsorption strengths increase by dbinkrBol', the relative stability
ordering of the various adsorption sites remains unaltered. aidp,minor changes in the
calculated geometries and electronic structures are observed using vd\((\¢RFBE-vdW)

as compare to PW9L1.
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4.4 Benzene adsorption on Pd(110) at medium and

saturation coverage

In this section, benzene adsorption on Pd(110) is evaluated atrmedverage for various
adsorption sites, and at saturation coverage for the most steseAdsorption energies and
geometries, vibrational frequencies, electronic properties and STM imagessedeto

compare different adsorption sites and to evaluate the coverage efféletsamisorption.

4.4.1 Adsorption energies

The adsorption of a single benzene molecule on the (4x2) unitvitélla surface area of 8.8
10%° m? results in a surface concentration of 1.1'*1folecules nf. This coverage
corresponds to half of the c(4x2) overlayer observed by Yoshinobu'etaglsaturation
coverage at 300 K. Four types of adsorption sites have been evalaatbdnzene on
Pd(110), namely top, hollow, shortbridge and longbridge, iolig the nomenclature of
Treboux and Aon® (see Figure 4-7). In the shortbridge site benzene is boundwattPd
atoms along the][iO] direction, while in the longbridge site the molecule isrmed with
two Pd atoms along the [001] direction. Each of the four tgbestes is studied for three
different azimuthal orientations with respect to the surface and theithzihrotation @) in

Figure 4-7 is expressed by using the smallest angle between a ddb£erbond and the

[110] direction in the starting geometries used for optimization.

In agreement with STM observatiodéwe obtained that at medium coverage the most stable
adsorption sites are the three four-fold hollow(0), hollow(15) aridw(B0) conformations,
with similar adsorption energies of abetit37 kJ mof (see Table 4-5). Although the (110)

surface is the most open one, the adsorption energies are lowenttie (@00) surface due
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to the mismatch between the C-C bond lengths and the distagivesen the Pd atoms. For
the (4 x 3) benzene ordering, Favot et*atoncluded that, due to stronger metal-adsorbate
interactions, the hollow(30) is favored by 10 kJthahd 45 kImotover the hollow(15) and
hollow(0) configuration, respectively. In contrast, our calculated atisarpnergies indicate
that in the absence of lateral interactions, metal-adsorbate interactioatharesimilar for all
three adsorbates. Also, the shorter closest distance between theenhy@dtogs of two
neighboring benzenes for the hollow(30) site (308 pm) as compuatkd hollow(0) site (371

pm) does not introduce repulsive adsorbate-adsorbate interactitweshiallow(30).

The hollow sites are followed in adsorption strength by tletishdge sites with about 30 kJ
mol* weaker adsorption energies, see Table 4-5. This stability ordagregs with STM
results at low benzene coverage reported by Treboux and Adiese authors used elastic
scattering quantum chemistry (ESQC) calculations to resolve thaptids site and the
molecular orientation with respect to the surface plane from the STM imEg&s concluded
that the observed two-lobed STM pattern separated by a depressionlgaoroespond to
the azimuthally rotated geometry for the hollow or shortbridges s@ur calculations indicate
that the difference in stability between the hollow and shogbrisites is large enough to
discard the bridge sites and to consider the three hollowasitdse preferred adsorption sites

for benzene on Pd(110) at medium coverage.

The adsorption of benzene on the three hollow sites has eé&3o dvaluated at saturation
coveragej.e. for the c(4x2) benzene overlayer as shown in the bottom panEigwé 4-8.
Despite small geometric and energetic changes (see Table 4-6 and Fgaoragpendix C),
the three hollow sites remain the most stable at saturation gevehe shortbridge(0) and
longbridge(0) sites are respectively ~25 and ~55 kJ'nesds stable than the most stable
hollow(0) site (see Table 4-6). A slight energetic preference of sontek3-mol* for the

hollow(0) site relative to the (15) and (30) hollow adsorbates cavever be noted. In
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contrast, Favot et at* computed that the hollow(15) site is 3 kJthakespectively 22 kJ mol
! more stable than the hollow(30) and the hollow(0) site. Accortbntpese authors, the
preference for the hollow(15) site is suggested to be a compromiseeneadsorbate-surface

and adsorbate-adsorbate interactions; the former promote large aziraoties of the

adsorbate relative to thaio] direction, while the latter tend to favor smaller angles.

At saturation coverage, the computed closest distance between thre oémie neighboring
benzene molecules is 685 pm in good agreement with the valu® @né reported by Favot
et al. ®* With increasing coverage, the distance between hydrogen atomeighboring
benzene molecules in the [001] directions remains largely unchaingi other directions,
the averaged shortest distance between hydrogen atoms of neightemzrene molecules
decreases from 266 pm for the hollow(0) site to 206 pm for tHew(@O0) over 247 pm for
the hollow(15) site. Estimation of the adsorbate-adsorbate repudsiergy from the energy
difference between the distorted gas phase benzene i &)(Rnit cell and in a very large
unit cell (15x15x15 A), revealed the absence of lateral interactions in the hollow(0) and
hollow(15) adsorbates while for the hollow(30) a value of 4 kJ'mais found. Hence, the
small decrease in adsorption energies from medium to saturation covetadgegpm-138 to
-123 kJ mol for the hollow(0), can be explained by the quite large distancsebat
neighboring benzene molecules which, as illustrated in Figureigt#@uch larger than the

distance at saturation coverage on the Pd(100) surface.

Fujisawa et al® reported that tilted geometries are favored over flat benzene at saturatio
coverage. These authors used the peaks at ~350 and ~440 KTiDhspectrum to estimate
adsorption heats 0f87 and-112 kJ mof for the flat and tilted benzene respectivélyln

contrast, our calculations indicate that tilted adsorbates are wftokJ mof lower in
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stability compared to flat adsorbates, as shown in Table 4-Bdadsorbates with tilt angbe

different from zero.

Like in the Pd(100) case, inclusion of van der Waals interacénhance adsorption energies
by about 45-50 kJ md] but the same trend in relative stabilities is found and wey small
differences in geometries are observed. Therefore, geometries, vibrational ¢regusmd

electronic structure are discussed only for the results obtainedtbsiyV91 functional.

Top Hollow Shortbridge ~ Longbridge

»[001

Figure 4-7. The twelve adsorption sites investigatefor benzene on Pd(110).
Only Pd atoms in the top layer are colored blue foeasier interpretation. The
azimuthal angle@is shown in the left side of the figure.
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Table 4-5. Adsorption energies of different sitesof benzene on Pd(110) in kJ
mol™ at medium coverage and saturation coveragé,e. p(4x2) and c(2x2)
overlayers. Hollow tilted adsorbates § > 0) are also shown at saturation
coverage. The calculated azimuthal and tilting ang (@ 0) is shown in °
relative to the surface. The values obtained withhie vdW-DF method are
included between brackets.

AEags (kJ mol™)

_ Tilting angle
Site @ 0 (°) Medium coverage Saturation coverage
p(4x2) c(4x2)

7 -137.6 £181.5) -122.8 £175.0)
Hollow(0)

17 -53.8 £108.7)

0 -136.5 ¢180.0) -118.1 ¢169.9)
Hollow(15)

17 moved to hollow(15,0)
Hollow(30) 0 -136.0 £179.0) -115.1 ¢163.7)

26 -51.8 ¢103.6)
Shortbridge(0) 0 -108.0 £161.5) -96.8 158.3)
Shortbridge(15) 0 -102.8 ¢158.4)
Shortbridge(30) 0 -104.4 ¢160.2)
Longbridge(0) 0 -81.1 ¢133.7) -65.7 £127.1)
Longbridge(15) 0 —-86.6 (138.6)
Longbridge(30) 0 -84.8 (136.1)
Top(0) 0 -46.6 £104.3)
Top(15) 0 -59.2 ¢115.5)
Top(30) 0 -80.2 £135.4)
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Figure 4-8. Surface overlayer of benzene adsorptioat medium coverage on
(al) hollowO, (b1) hollow(15) and (cl) hollow(30)ites, and at saturation
coverage on (a2) hollow(0), (b2) hollow(15) and (r2hollow(30) sites.
Distances between centers of the closest benzeneghbors in the [110] and
[001] directions are indicated in pm for the hollow0), and the same distances
are obtained for the other two adsorbates. Closedt-H distances between

neighbor benzene molecules are also shown in pm. @riPd atoms in the top
layer are colored blue for easier identification.
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The most relevant adsorption features of the three most staldevisiles are listed in Table

4-6 for medium and saturation coverage, and shown in Figure Q%8 oAgpendix C. At
medium coverage, the hollow(0) adsorbate moves closer to one ofl treav® in the 110]

direction, as already reported by Mittendorfer and Hafner for benzeng bhONat saturation
coverag€? Due to this translation, the benzene molecule slightlyljitg° with respect to the
Pd surface, so that two stronger Pd-C bonds of 219 pm can be fekhiealigh the molecule
is canted relative to the Pd surface, the carbon ring remains flatthv&tC-H bonds tilted
some 17-30° out of the plane of the ring. Despite the deviatiom tine high-symmetry site,
the benzene and slab distortion energies at this site are #iiesnof the three hollow sites
(see Table 4-6). At medium coverage, the hollow(15) and hollow(38)erérom their 15°
and 30° angles used initially used in the optimization ghesnof 18° and 35° in the optimized
structures. Despite the small changes in azimuthal orientatior, $ites are referred to by
the initial angle of 15° and 30° to facilitate the discusdkam.the three hollow adsorbates,
similar benzene and slab distortion energies (see Table 4-6) are calclélatidug to similar
metal-adsorbate interaction energies as discussed above. Increasingetfage of benzene
to saturation does not dramatically change the geometries; then{@llsite geometry
remains similar to the one at medium coverage. However, even thoaighedium coverage
geometries have been used as starting point for the optimizabenhollow(15) and
hollow(30) geometries azimuthally rotate back with respect to medmwverage, adopting
resp. the 16° and 30 ° azimuthal orientations. The decreasability of the three adsorbates
at saturation coverage is explained by weaker interaction energiethwithurface, since the

distortion energy is very similar compared to medium coverage (see 3-&)!
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Table 4-6. Adsorption, interaction and distortion @ergies (kJ mol'), together with bond lengths and bond angles (pmnal ©)
for the three hollow sites at medium and saturationcoverage on Pd(110)i.e. p(4x2) and c(4x2) overlayers. Adsorption
energies including van der Waals interactions arer®wn between brackets.

Hollow(0) Hollow(15) Hollow(30)

p(4%2) c(4x2) p(4%2) c(4x2) p(4%2) c(4x2)
@0 0 0,7 0,7 18, 0 16, 0 35,0 30,0
AE ags kJmol' -137.6 ¢181.5) -122.8 ¢175.0) -136.5¢180.0) -118.1¢170.0) -136.0¢179.0) -115.1 (163.7)
EM kJ mol* -264.6 -223.2 -268.3 -220.3 -267.7 -226.6
EYS (slab) kJ mol* 40.8 13.4 43.8 16.0 40.8 14.6
EY (benzene) kJ mol* 86.2 86.9 88.5 86.3 90.9 96.9
dcc pm 142-145 143/145 142/145 142/145 142-145 143-145
de.pg pm 219-223 219-224 218-227 218-227 219-226 221-224
den pm 109-110 109-110 109-110 109-110 109-110 109-110
dBenzene-1spd  PM 200 196 201 197 200 193
distondpdiayer P 130 135 131 135 130 135
c-c-C 0 119-121 119-121 119-121 119-121 119-121 119-120

C-C-H ° 7-28 7-28 15-22 13-25 20-22 22-25




Chapter 4 137

4.4.2 Vibrational spectra

The infrared intensities and vibrational frequencies have been calcattedium and
saturation coverage for the three most stable hollow(0), hollovefidhollow(30) sites. The
infrared spectra at saturation coverage of the three adsorbates are compagedeirs-®
(black, light grey and dark grey lines respectively). The vibnati spectra are shown up to
1500 cni because at higher frequencies only the highgsstretching mode is obtained. For
the three adsorbates this mode is located at about ~318Gncgood agreement with the
experimental loss at 3050 &n1™ Details on the vibrational frequencies of the three hollow

sites at medium and saturation coverage can be found in Talleti@8Appendix C.

Fukisawa et al. reported two coverage dependent peaks for the higlityndem®f-planeycy
bending mode located at 705 and 745'cihese authors observed that the 745" doss
increased in intensity with coverage, while the opposite wasrads for the loss at 705 ¢€m
Hence, these authors related the two peaks to the existence of flateahddsorbed states
respectively'®. In view of our observation that at saturation coverage tlee ldsorbates are
up to ~70 kJ mét less stable than the flat adsorbates (see section 4.1) botlextpesenental
losses are more likely attributed to flat hollow states. Fohifle-intensity out-of-plangcy
bending mode, two vibrational peaks are obtained for the i@)o(618 and 734 ci) and
(15) adsorbates (673 and 806 Bmwhile only one is calculated for the hollow(30) (684 cm
Y. Increasing the coverage reduces the intensity of these peaksisaatéd in the bottom
panel of Figure 4-9. Considering that our approach may ovesdstithe frequency because
the inharmonicity factor is not included, we suggest that theuleaéd hollow(0) 734 cth
peak is related with the experimental 705'cioss and the calculated hollow(15) 806 tm
peak with the experimental loss at 745 criRurthermore, the vibrational peaks for #@&C

stretching mode are observed at 1321 and 1295 cm-1 for the hollamdChollow(15) sites,
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which is in line with the experimentally reported loss at 133@L¢mhile no peak is observed

for the hollow(30) site.
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Figure 4-9. Calculated infrared spectra for benzeneadsorbed at the
hollow(0), hollow(15) and hollow(30) sites on Pd(D} (black, light grey and
dark grey respectively) at (a) saturation coverageand comparison of (b)
medium and saturation coverage respectively with filland dotted lines for

each of the three (0), (15) and (30) adsorbates froleft to right.

4.4.3 Electronic properties

The electronic density of states (DOS) for the three most statevihgites on the Pd(110)

surface at medium and at saturation coverage is illustrated in Figloe ke for the

Pd(100) surface, the electronic structure obtained with the vdW-DFothettvery similar to

the one from the PW91 calculations. Hence, only the resul@ingt with the PW91

functional are discussed. The calculated electronic structures are inagoeeiment with

photoemission spectroscopy experiméfits.
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At medium coverage, the computed work function decreases by 0.8ore¥ll three
adsorbates, and by some 0.6 eV less than for the Pd(100) casgeament with the less
stronger bonding on Pd(110). At saturation coverage a largezadecin the work function of
1.2 eV is computed for the hollow(0) and hollow(15) sites wioitethe hollow(30) no further
decrease is observed (see Table 4-7). The experimental value of 1.1 &\ fo(42)
overlayel” is in good agreement with the values computed for the hollow(Dhatow(15)
sites. A periodic DFT study in the local density approximateing ultrasoft Vanderbilt
pseudopotentials of the Pd(110)-c(4 x 2)-benzene system, reportedrease in work

function of 1.2 eV + 0.3 eV

From Figure 4-10b, it is clear that for all three adsorbates the cdrdnbof the benzene
states to the DOS of the adsorbed complex is very similar. Theyéifer calculated energies
of the benzene molecular eigenstates (see Table 4-8) and the PDOS paneatiedlistorted
gas phase benzene molecular orbitals (see Figure 4-11) are reported fmllow(0) site
only. As for the Pd(100) case, the bonding with the Pd-surfacdynwaours via interaction
with the benzene-states, (1a, 1eg and @,). Analysis of the PDOS (Figure 4-11) reveals
that both the 1g and e, derived states are strongly broadened. The HOMg) g&tes peak
around 4.5 eV below the Fermi level and extend up to the Fermi k\ddwnward shift of
the 1gq states of some 1.8 eV relative to the unperturbegli@@omputed in fair agreement
with the value of 1 eV reported by Netzer et'8IThe LUMO (e,) derived states peak at
some 2-3 eV above the Fermi level. In agreement with the experinodseivations, the-
states resulting from the interaction with the,d@enzene orbital appear at the leading edge of
the 3g, o-states located at bonding energies around 7 eV below the FermSawugar to the

Pd(100) case, the degeneracy of thg &ahd 2, states is lifted.

As discussed above (see section 4.1), the decrease of 70 Ipenavetraged closest distances

between hydrogen atoms of neighboring benzene molecules from medenagm® (306 —
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370 pm) to saturation coverage (237 — 300 pm) does not resalgnificant adsorbate-
adsorbate interaction (see section 4.1). As illustrated in Fg@ Figure 4-11 and Figure
C10 in Appendix C, at saturation coverage the dispersioredédhds originating from the
levels is not significantly different than at medium coverage confgnthe limited
importance of repulsive interactions on the stability of benzeserbed on the Pd(110)
surface with increasing coverage. The computed dispersion of théa8a of 0.6 eV is in

fair agreement with the experimental value of 0.4'&¢V

Table 4-7. Adsorption features for the adsorption b benzene at the three
hollow sites on Pd(110) at medium and saturation eerage.

Pd clean hollow(0) hollow(15) hollow(30)
active site

p(Ax2) c(4x2) p(@Ax2) c(4x2) p(x2) c(4x2)

AEags(kJ mol™) --- -137.6 -122.8 -136.5 -118.1 -1359 -115.1
D (eV) -4.84 -4.06 -3.68 -4.06 -3.67 -4.04 -4.06
(ea-Evad)® (€V) —-6.58 -6.00 -587 -597 -5.80 -595 -6.00
(ea-Ef) (V) -1.74 -194 -219 -191 -213 -191 -194
d-band width ° 3.28 3.51 3.48 3.41 3.37 3.35 3.46

@d-band center of the occupied states of the first (top) layer of Pd(100)
b d-band width at half height for all states of the active site
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Table 4-8. Calculated energies of molecular eigeragés of benzene in gas
phase, adsorbed at the hollow(0) site on Pd(110) atedium and saturation

coverage,i.e. p(4x2) and c(4x2) surface overlayers. Energies arelated to
the vacuum level. All orbitals are named in line wh Mittendorfer and

Hafner. 2

Hollow(0)
Orbital Benzene gas p(4x2) c(4x2)
leyg (M) - 6.0 -8.6 -8.3
3ey -8.0 -8.9 -8.7
lap, (M) - 8.8 -10.5 -10.3
3ew —-10.0 -10.7 -10.6
1by, —10.6 -11.4 -11.3
2byy -11.0 -12.0 -11.9
3ay ~12.6 132 -13.1
26y —-14.6 -15.6 -15.4
2ey, -18.3 -19.1 -18.9
a4 -211 -21.6 -21.4

For benzene on Pd(110), Treboux and ASmiemonstrated that each possible high-symmetry

adsorption site as well as the molecular orientation with respabeteurface plane can be

resolved using STM imaging. In Yoshinobu’s STM images28adtiration coverage, each

adsorbed benzene exhibits approximately a round shape at higlolgges (+1.00 V), while

at low bias voltages (£0.05 V) two elongated protrusions sepabgted single depression

with its direction some 50°-60° fromlfo] appear. Figure 4-12 presents our calculated STM

images in a plane parallel to the surface for selected poterliadsd for selected benzene

orientations ¢). The middle panels for the hollow(15) clearly show two protnsiand a

node-like depression at= +0.05 eV, while a round-like shape is calculated at highes bi

voltages € = £1.00 eV).



142 Chapter 4

p(4x2) c(4%2)
a) 14_ ———— 0 WEEEEEEEEEEEEEES
12 - 12,
10 -
g 2e,, 2e,  SCu|3€y
S 6 ley,
8 4 -
0, |
O 2
O o n Y e\
22 -20 -18 -16 -14 -12 -10 -8 -6 -4 -2 0 2
bl) 12 E'Evacuum! eV
10 1
8 El|= (eV)
£} |
. 6
& i
n 4 .
o I
o 2 :
o 0 "L—(ﬁ\*~ = ‘\\f‘
4 2 0 2
b2) 12
10 -
8 -
56
<
~ 4
3
2 4
@]
a g
- 2
b3) 12
10 -
Er (eV)
E}
8
0
3
a . -
8 6 -4 -2 0 2
E-E, (eV)

Figure 4-10. a) DOS of gas phase benzene (black)daDOS projected on the
d states of the clean Pd(110) active site (grey)OS projected on benzene (b1)
hollow(0), (b2) hollow(15) and (c) hollow(30) adstwates (black) and DOS
projected on the d states of the covered active sit(grey) at medium and
saturation coverage,i.e. p(4x2) and c(4x2) surface overlayers with full and
dotted lines respectively. All energies are relat®y to the vacuum level. All
orbitals are named in line with Mittendorfer and Hafner. "2
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Figure 4-11. Projected DOS on selected molecular lmtals of gas-phase benzene for the hollow(0) addmte at (a) medium
and (b) saturation coverage on Pd(110). All orbita are named in line with Mittendorfer and Hafner.”?
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Figure 4-12. Constant current images on a horizontgplane at ~1 A above the
carbon atoms of benzene adsorbed on Pd(110) at sadtion coverage for the
hollow (30) (top), hollow(15) (middle) and hollow(p (bottom) adsorbates at
different potentials € (in eV).

As discussed by Favot et &f, the features of the STM images can be rationalized based on
the electronic structure. Near the Fermi level, the main contributidhet DOS stems from

the 1gq derived states and the STM image reflects the symmetry of th@rbétal with the
nodal plane at an angle of ~50° from thki(p] direction. As the absolute value of the bias
potential increases, the contribution of one of the LUMO derivgdstates to the DOS
becomes more important in the energy ranget[E eV, E] resulting in the round-like shape

of the STM image at higher bias voltages(£1.00 eV).

In summary, our periodic DFT results show that at medium cgeeoa Pd(110) benzene
equally prefers the three hollow sites. In the ®8(2) overlayer experimentally observed at
saturation coverage we find a slight energetic preference of somek3-afol* for the

hollow(0) site relative to the hollow(15) and hollow(30) sitedicating a limited contribution
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of repulsive adsorbate-adsorbate interactions to the stability aeberadsorbed on the Pd
(110) surface. At the hollow(0) site two of the C-C bonds are patallisie [110] direction
and, although the molecule is tilted by 7° with respect é&oRUO surface, the carbon ring
remains flat with the C-H bonds tilted 17°-30° out of the elaf the ring. For the three
hollow sites, the calculated electronic features are compatible wigh éXperiments. The
calculated vibrational features for the hollow(0) and hollow(15tanepatible with HREELS
experiments, while this is not the case for the hollow(30). Hemeesuggest that on Pd(110)
benzene does not populate hollow(30) sites at saturation covéagecalculated STM
images confirm that STM can be used to resolve the molecular omentéth respect to the

surface plane and that the experimentally observed two-lobed proteegarated by a single
depression oriented with its direction some 50° frolflO[| can only correspond to the

hollow(15) adsorbate.

4.5 Conclusions

Periodic DFT calculations of benzene adsorbed on the Pd(100) andpPd(tfhces at half
and saturation coverage have been used to evaluate the effect of covetagenmst stable
adsorption sites. On both Pd(100) and Pd(110), four-fold Wwojjeometries are adopted by
benzene, and the aromatic ring remains flat but the H atoms areatitgdfrom the surface.
A much larger decrease in adsorption energies from medium toasah coverage is
calculated on Pd(100) compared to Pd(100). This is explained watkes distances between
neighbor molecules in Pd(100), which leads to stronger repulgeeations. On Pd(100), a

slight energetic preference is calculated at saturation coverage foistirbate with two C-C

bonds parallel to theq11] direction. However, an adsorption geometry with alternately two
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types of benzene adsorbates, rotated azimuthally by 30° relatireetanothergg = 0°; @ =
30°), cannot be discarded from the comparison of calculated vibrataohlelectronic
features with UPS and HREELS experiments. On Pd(110), theresigylg energetic

preference for the hollow(0) site compared to the hollow(15) andw@®. The hollow(0)
adsorbate has two of the C-C bonds parallel to tIfEO][ direction and, although the

molecule is tilted by 7° with respect to the Pd (110) surfacegdtin ring remains flat with
the C-H bonds tilted 17°-30° out of the plane of the ringr. the three hollow sites, the
calculated electronic features are compatible with UPS experiments. édrobdow(30),
calculated vibrational features are not compatible with HREELS expdsmed we suggest
that on Pd(110) benzene does not populate hollow(30) sitesiedtgat coverage. Calculated
infrared spectra on both hollow(0) and hollow(15) sites are compatitie HREELS
experimental observations, however, comparison between calculated and erparieTM
images can only correspond to the hollow(15) adsorbate. Althaughsion of non-local van
der Waals interactions (optPBE-vdW functional) increase the absolubeptds strengths

the relative ordering of the various adsorption sites remains unaig@mpared to PW91.
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Chapter 5

First principles based design of bimetallic

catalysts for benzene hydrogenation
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Abstract

Periodic density functional theory (DFT) has beeagdito study benzene adsorption and
hydrogenation on B and NgM bimetallic catalysts, aiming to develop predietimnodels

to rationally design optimal catalysts as a funttiof the conditions. The most stable
segregation state of the bimetallic alloys has metuated for the clean surface and also in
the presence of benzene adsorbed. For the wholge rah catalysts studied, benzene
adsorption energy of the most stable site correlatell to the adsorption energy of atomic
carbon. The adsorption energy of benzene can &lselated to the center of the occupied d-
band of all surface atoms: benzene adsorption ggetager for increasing energy of the d-
band center (closer to the Fermi level). Furtheemoreactivity trends for benzene
hydrogenation are proposed from the calculated/aodin barrier for the first hydrogenation
step. This barrier correlate quantitatively to #usorption energy of benzene. The obtained
correlations are implemented in a kinetic modeptedict performances as a function of the
catalyst and the conditions. A maximum in benzewdrdgenation activity is predicted at
typical lab scale hydrogenation conditions (400 K < 500 K, g = 6.7 x 1 bar, p = 0.9
bar) for alloys that adsorb benzene more strortgiy bn Pd(111), by up to —20 kJ moé.g.

NizRu and NiOs.
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5.1 Introduction

The chemical industry always strives to improvealysts and develop new ones with novel
catalytic properties. Improved catalysts can eequire milder reaction conditions to achieve
the same conversion as common catafystdjich can reduce costs for installation and
operation to a large extent. Using more activelgsis can also allow to decrease the large
amount of expensive metals that is required indangdustrial reactors, such as for
hydrotreating oil fractions for which Pd and theeaper Ni metals are commonly used. The
combination of different metals into bimetallic alysts can lead to more active yet less
expensive catalysts. These can have specific giepehat can be tuned by several synthesis
technique$: ® For many reactions, bimetallic catalysts exceee performance that is
achieved with the parent monometallic catalystssuch as oxygen reductibor catalytic
hydrogenatioff. The catalytic hydrogenation of benzene is an itgmir reaction in the
refining and petrochemical industfyas well as for the design of environmentally prote
technologies, because of the carcinogenic natubentené. Transition metals of group 10,
such as Pd and Ni, are commonly used in industsaterate aromatic molecul&sTherefore,
this work aims to rationally search for JM and NgM bimetallic alloys for benzene
hydrogenation, by implementing in a kinetic modatatysts descriptors that are obtained

with periodic density functional theory (DFT).

Benzene hydrogenation has been studied on a langéear of bimetallic catalysts based on
metals that are highly active for hydrogenatiorchsas Ni>** Pd® ***°and Pt! 2* 2*Most
of these studies show that the bimetallic alloysdyhigher activities than the monometallic
catalysts 13 19 22 3¢ g pt-pg§; 214 pt-Co™ Pd-Cr ?* and Pd-W** Two main factors

contribute to the difference in activity from moneiallic to bimetallic catalysts, and also
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from one alloy to the next, namely, electronic gedmetric effect&’ The electronic effect is
explained from the change in electronic structur¢he alloy due to the coupling between
electronic states of the different metals involviedthe second, the geometric effect, alloying
induces a change in the lattice parameter of timeetaillic catalyst as compared to the
monometallic ones leading to, for example, charigese metal-metal bond lengthslso,
ensemble effects are typically contained withingeemetric effect: the adsorbate can require

an ensemble of a certain metal of minimal sizerdeoto adsorb on the alloy.

Despite the high activity of Ni and Pd catalystede are easily poisoned by small amounts of
sulfur compounds leading to their deactivation.i$dlready considered more sulfur tolerant
than other transition metals®® #* 22%nd alloying Pd with other metals can even further
enhance its sulfur resistande!* 1 7 30 3barticularly, excellent sulfur resistance has been
reported for supported Pt-Pd catalydts?* 1 17 3\which is attributed to the alloying effects,
the metal particle size or acidic suppdftdhe optimal molar Pd:Pt composition ratio of 4:1

was observed to yield the best performance fohjfitgogenation of tetralin in the presence of

benzothiophen#, and of 10:3 for the hydrogenation of phenanthféne

The evaluation of bimetallic catalysts should actdor the phenomenon in which metallic
atoms in alloys often spontaneously segregate #aaoh other. Surface segregation behavior
may be explained from a compromise between atoadiit, Isurface energy, electronegativity,
and cohesive energy® The segregated surfaces differ from the bulk casitipm, and this
can enhance or hinder chemical reactihhe most stable segregation state is a function of
the conditions: the segregation preference for ¢lean surface can also reverse upon
adsorption of some molecules, as it has been eghddr oxygen adsorption on Pt-based
bimetallic surface$>®" and Cl on Pt- and Pd-based cataly8tSurface segregation can be

easily predicted with theoretical methods such &F,3* % 3 **which can also allow to
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understand the mechanism and segregation trentisurthaften not completely understood

from experiments®

The experimental design of catalysts for industealctions is typically performed using time
consuming and cost-intensive trial-and-error teghes, although knowledge-based
experimental approaches have also been performabticmg high throughput experiments
with microkinetic modeling® Theoretical methods, such as DFT, are extremedjuliso
understand the chemistry of catalytic reactions, dn@hce, to perform a rational design of
optimal catalysts by screening the behavior ofedéht material8"*° Extensive interest has
been focused on bimetallic catalysts because ofatfge number of possible combinations,
which can be tuned to obtain catalysts with spegifoperties® For bimetallic surfaces with
the same crystallographic structure, e.g. the (sitface plane, the effect of alloying should
be attributed to variations in the electronic dmee, and particularly in the d-band for
transition metal alloys. The average energy ofefleetrons in the occupied d states, described
by the occupied d-band centeg)( has shown in previous works to be a good descripf
bond energies on different mono and bimetallic ane€’™ “°*° A higher energy of theq
(closer to the Fermi level) is usually related tamsger metal-adsorbate bonds, because the

highereq the lower the occupation of antibonding states dne formed upon adsorptidn.

Adsorption plays an important role in most catalygactions, for which optimal catalysts
must facilitate both adsorption and reaction stépfiowing the Sabatier principle, too strong
adsorption can yield a completely blocked surfagéjout free sites for reaction. Too weak
binding, however, leads to desorption of surfacecgs before the reaction takes place.
Therefore, a maximum in reactivity can be expedétecatalysts that bind neither too strong
nor too weak. To evaluate the performance of csitslyor benzene hydrogenation, the
adsorption of the reactant benzene can be usedethcp reactivity trends, similar to work

performed on ammonia synthesis.
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In this work, catalysts for benzene hydrogenatioe avaluated by screening bimetallic
surfaces based on Pd(111) and Ni(111) combined mvibt 3d, 4d and 5d transition metals.
The observed trends in adsorption strength andtivégicare quantitatively related to
appropriate catalyst descriptors, e.g., carbonlsmmtene adsorption energy or the occupied
d-band center. Implementation of the catalyst detus in a microkinetic model previously
obtained for benzene hydrogenation on Pd(111) lay assessing performances exhibited
by virtual candidate catalysts by simulations foboraad range of catalyst descriptor values
and operating conditions. The developed modelimistalso allow to predict maximum in
hydrogenation activity as a function of both thetabsst descriptor and the reaction

conditions.

5.2 Methodology

5.2.1 Electronic structure calculations

Electronic energies are calculated with the VieAbanitio Simulation package (VASP¥,>°
which applies the projector augmented wave metR#d/\().>® >’ PAW uses pseudopotentials
and plane-wave basis sets, with a cutoff energ§006feV. The generalized gradient Perdew-
Wang PW91 functional is used to describe the exgéaorrelation functionaf *° The first-
order Methfessel-Paxton method is employed to desdhe partial electronic occupancies
close to the Fermi level, with a smearing widttOd&8 and 0.1 eV for R and NigM alloys,
respectively, which yield good convergence for biemzene adsorption energy on Pd(111)
and Ni(111). A 5x5x1 Monkhorst-Pa®R grid is used for the Brillouin-zone integration.

Spin-polarized calculations are performed for thals@ys with non-zero magnetization in the
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bulk, namely the P#1 with M=V, Cr, Mn, Fe, Co, Ni, Mo, Tc, and Re, ime with a

previous study! and the NiM with M= Co, Ru, Rh, Pd, Re, and Pt.

The convergence criteria to obtain accurate geodsesind electronic energies amounts to 10
8 eV on the energy for the electronic minimizatiand 0.05 eV/A for the maximum force for
the geometry convergence, for which theasi-Newton RMM-DIIS algorithns applied. The
activation barrier for the hydrogenation of benzémemonohydrobenzene is calculated as
follows: first, the transition state is obtainedacgely by calculating the minimum energy path
in the potential energy surface between reactardspeoducts with the Nudged Elastic Band
method®® This method creates a series of images alongethetion path, and these images
are optimized by force minimization. In a seconépstthe image that corresponds to the

saddle point in the minimum energy path is furthtimized with the Dimer methdd.

The d-band center of the occupied states of thiacitayer atomsy has been calculated to
describe trends from one alloy to the next. Thisapeeter is calculated by projecting the
plane waves calculated by VASP onto spherical hareorbitals centered on the surface
atoms, for botlw andp spin electrons, using the Wigner-Seitz radii fre&W potentials. The

gq IS defined relative to the Fermi levél), the highest occupied state, as shown in eq. (1)

j_E; Epq (E HE

€d (1)
_E:o pq (E XE

With p4 being the density of states projected onto thebitads of the surface atoms. To take
into account only the occupied states of the systhed-band is integrated up to the Fermi

level.
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5.2.2 Modeling the catalytic surface

The bimetallic catalysts have been evaluated usiegsM bulk composition with fcc crystal
structure (CyAu-type), as it has been previously used for Pt Rd-based alloy’s 3¢ 38 3964

® The calculated bulk lattice parameters are withi of those reported by Pasti et*3land
Lamas et af? for the PgM catalysts with M = Pt, Co, Ni, Rh and Fe. The ZRunit cell is
used to evaluate the different segregation statesléan surfaces, and also the adsorption of
atomic carbon. The adsorption of benzene in thisaall, however, leads to coverages above
saturation coverage on Pd(111), for which adsaompi® no longer thermodynamically
favorable’® Therefore, a (4x4) unit cell is used for benzedsogption, which still possesses
the XY composition, and which models benzene at low &alionm benzene coverage (37 %
of the saturation coverage). The (111) surfaceoissicered for the whole range of alloys
because it is the most stable and, hence, typittalynost abundant on metal nanoparticles.
The slab thickness is evaluated using a four-layet cell. The two top layers are relaxed
during the geometry optimization, together with #usorbates. The two bottom layers are not
optimized and remain in the bulk structure. The gall is repeated in the three directions to
model infinite surfaces, and periodic boundary domas are used. In the direction
perpendicular to the surface, a vacuum layer ofldnd an artificial dipole layer have been

used to avoid interactions between periodic images.

Segregation consists of the motion of a solute dtom the bulk to the surface of the host
metal, and antisegregation is defined as the matidhe solute atom from the surface to the
bulk*® The most stable segregation structure of the sarfaf every alloy is evaluated
exchanging the position of host and solute atonattisg from the optimized (non-
segregated) ideal bulk structures, to obtain thieesponding segregation state. The state with

the lowest energy is considered to be preferredHerclean slab. The segregation energy
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AEq seq is defined as the difference between the energyhef(2x2) unit cell with the
segregated structureEdsegregated @nd that with the non-segregatedsMX bulk state
composition Eex3v), with X being Pd or Ni and M the transition metals, see (2
Similarly, the antisegregation energye anisegiS the difference between the energy of the
(2x2) unit cell with antisegregated StrucCtuEg) fnisegregateh @nd that with the non-segregated

PdM bulk state compositiorE pasn), see eq. (3).

AEseg = Eel,segregated_ EeI,XaM (2

AEantiseg = Eel,antisegregted - EeI,XaM ©))

Negative values OAEg segaNdAEe antisegcOrrespond to those alloys for which the segregated
or antisegregated states, respectively, are themamadically favored over the ideal bullgM
non-segregated composition. Positive values amdea| therefore, to those alloys that are

more stable with the ideal non-segregatghll structure.

5.2.3 Implementing catalysts descriptors in a microkinetc model

Evaluation of the full reaction network for benzemgdrogenation on all studied alloys is
computationally too expensive. Therefore, this wbds focused on the first hydrogenation
step, as a first step, to predict changes in nggctirom one catalysts to the next. The
reactivity trend can be related to a catalysts migse which captures the difference in
activity between catalysts. Performances exhibibgdvirtual candidate catalysts can be

predicted implementing this catalyst descriptoa imicrokinetic model.

In a previous study, a detailed coverage-depenarbkinetic model has been constructed
for benzene hydrogenation on Pd(111) based on C#dulations using the optPBE-vdW
functional. In that study, a dominant path was idiedl at low and high surface coverage,

consisting of the hydrogenation of carbon atomstha ortho position relative to the
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previously hydrogenated carbon atom. Evaluationtr& kinetic model for a range of
conditions indicated that the overall rate was nsesisitive to the second hydrogenation step

and, hence, the second step was proposed to bat¢heéetermining step on Pd(111).

This work has adapted this microkinetic model dateed on Pd(111) to implement a
catalyst descriptorY) to predict changes in reactivity relative to Pd(l The change in the
catalysts descriptor from catalyst to catalystx¥pressed relative to the value calculated on
Pd(111), i.e. AAD = (ADxam — ADpq(111), @and similarly for the hydrogen adsorption enplyal

and activation energy.

For application in this paper, the kinetic modeatstoucted for Pd(111) is simplified assuming
the second hydrogenation step to be the rate detegnstep (RDS). The kinetic and
thermodynamic parameters are expressed relatitleetgalues obtained on Pd(111) with the
optPBE-vdW functional, e.g. for benzene adsorp&oBrgyAEags s xam = AEads.Bpd(111),0ptPBE

+ AAEagsg. In order to do so, following assumptions are majlehe relative change in
adsorption energy from catalyst to catalyst is shme for the PW91 and the optPBE-vdW
functional, ii) the relative change in activatiomeegy from catalyst to catalyst is the same for
the PW91 and the optPBE-vdW functional, and iig tielative change in activation barrier
from catalyst to catalyst is the same for the fasd second hydrogenation. The latter
assumption needs be made since the dependence attikiation energy on the catalyst is
derived for the first hydrogenation step, and thisdel considers the second hydrogenation

step as rate-determining.

From these assumptions, the turnover frequencydozene hydrogenation (TOF if)ss,

assuming the rate determining step model with fi@yrogenation step as rate determining:

TOF =

K2, forward K1K g PB K 2 P 2 (1 __ PcHa } 4)

(1+ KBpB+\/KH2pH2)2 KgaspoEiZ
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In this equationpcha, Ps andpy, are the pressures of cyclohexane, benzene anddemin
bar, k2 forwara 1S the forward rate coefficient for the secondctie, K; is the equilibrium
coefficient of the first hydrogenation step, afglandKy, are the equilibrium coefficient for
benzene and hydrogen adsorption. The latter aletééd assuming the same adsorption
entropy as on Pd(111), see all values in TablerDRppendix D. Changes in the adsorption
enthalpy relative to Pd(111) are determined as:

AS - (AH + AAE
Ky = ex;{ ads,l;Pdal])] Eéx;{ ( ads,B,PdF({l_ll_]) adsB] )

(6)

AS, - (AH + y LAAE
Koo :exp{ ads,HFi,Pdall)][eXF{ ( ads,HZ,PdaRl-? y adsB]

The adsorption parameters on Pd(111) are obtainedolving the coverage-dependent
microkinetic model in a differentially operated cear atT = 450 K,W/Fs° = 62.5 kgar s mol
! Fg’=2.1 x 10 mol s*, F’ = 2.8 x 10° mol s*, ps® = 6.7 x 17 bar, pu2° = 0.9 bar, which

results in a coverage of occupied site84af =1 —0fee = 0.82.

Imposing a change on the benzene and hydrogenpidsoenergy without changing any
other parameter will change the gas phase reaetntmlpy; therefore it is clear that, if the
benzene adsorption becomes more exothermic, eitiner hydrogenation steps or the
desorption of cyclohexane should become more eerdoib. In order to account for this, the
equilibrium coefficients of six surface reactiorseds to be adapted regarding the change in
hydrogen and benzene adsorption energy, as iltadtia Figure D6 in Appendix D. For the
rate determining step model used in this work, ¢ogilibrium coefficient for the first

hydrogenation is calculated as shown in eq. (7):
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[~ 20Eune ) - (208

RT RT 0

Kl = K].,Pd w1y ex

Finally, the forward rate coefficient for the seddmydrogenation step kmwardiS calculated as

follows:

apda1y T MIAAE g B)J ®)

- (E
2, forward = A2, forward,Pd L17) eXF{ RT

5.3 Results

Periodic DFT calculations are used to evaluate &e@ztydrogenation on several bimetallic
catalysts. First, the most stable segregationsstHt®dM and NgM bulk alloys are evaluated
with and without benzene adsorbed. Secondly, thetikety of selected alloys for the first
hydrogenation step is related to appropriate cstalgscriptors. Finally, an optimal catalyst is
identified introducing the catalyst descriptorsoiat microkinetic model that allows to predict

performances for a broad range of values and mractinditions.

5.3.1 Surface segregation

A large number of P# bimetallic alloys have been investigated, withgding from Ti to

Ni in the 3d series, from Zr to Rh in the 4d serigsd from Hf to Pt in the 5d series (see
Figure 5-1-bl). First, the preferred segregatiatesof the clean surface is determined. Four
different surface states have been evaluated (geeeF5-1): i) non-segregated catalysts (blue
in Figure 5-1a), which uniformly maintain the¥Xbulk structure at every layer of the slab, ii)

antisegregated catalysts (green), with surfaceclemént in the host, e.g. leading insMd
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alloys to a Pd/PdM/RM/PdM four-layered slab structure, iii) segregated lyata where
solute atoms in the second layer diffuse to théasar while third and fourth layer remain
unaltered (red), i.e., partially segregated sthtading to the PdM/Pd/BM/NisM slab or
Pd&M catalysts, and iv) segregated catalysts whenetes@toms of each slab diffuse to the
surface (orange in Figure 5-1a), i.e., fully segted state, leading to the four-layered slab
with M/Pd/Pd/Pd structure, as shown in Figure 53Ie most stable state of eachsdand
NisM alloy is shown in Figure 5-1-bl, each with theresponding color of the segregation
state shown in Figure 5-1-a. The segregation eeemgie reported in Table D1 in Appendix

D.

For PdM alloys, the surfaces with M = Ti, Cr, Mn, Zr, Hnd Pt do not segregate,
possessing the B bulk structure at every layer (see Figure 5-1-bBle most positive
segregation energy, i.e., for which the non-sedegbstructure is most stable compared to the
(anti)segregated states, corresponds tgHRdwhich is usually explained in terms of Hf
having the largest atomic radius. The results 1pCF, and Mn agree with results reported on
PtM alloys. *® The PdPt surface shows an almost zero segregation arisegregation
energy, which is explained by the similar electcostructure of Pd and Pt metals. This leads
to a small tendency of Pt atoms to segregate testinace. Pg¢Pt is, therefore, represented
with the non-segregated ideal bulk structure, ireament with previous theoretical resuffs,
38,39 723nd experimental observations of Pd-enriched sesfdor Pt-Pd alloy§ " For the
other thirteen Pg\ alloys, the antisegregated structure is mostetah which Pd migrates to
the surface (see Figure 5-1). The predominant egrégation of Pd alloys can be explained
as a compromise between a larger metallic raffisd a lower surface enerd{of Pd as
compared to the other metal atoms, as has beeongedgor the behavior ona®t surfaces®

Apart from the preference to have atoms with a losteface energy at the surface, atoms

with the larger metallic radius tend to segregatéhe surface in order to reduce the strain
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they impose on the lattice if present in the sulaser layers®. The difference in surface
energy’’ can explain the most negative antisegregationggnealculated for the RRe alloy
(-240 kJ mal). These results are in line with previous thecststudies on several alloys
38.39. 72 and with experimental observations, such as tfarsBgNi “. In the latter study, they
observed that the first layer is composed only ©fte second with 48% Pt, and the third
layer being again with a majority of Pt atoms (87%) the experimental study with X-ray
diffraction spectra on REe, ® and XPD experiments on £ °. Finally, none of the clean
surfaces show neither partial or full segregatibthe solute atoms to the surface, which is

for PtM alloys also only reported by Sabbe et’sfor PeAg and P#Au alloys, which are not

included in this study.

For NigM, nine bimetallic alloys have also been evaluatétt M = Cr, Co, Ru, Rh, Pd, Re,
Os, Ir, and Pt. Due to the smaller radifiand higher surface enerdyof Ni compared to Pd,
which disfavor its presence at the surface, diffeeegregation trends have been obtained for
these alloys as compared tosMdsurfaces. First, none of the studied Ni-baseadlyallprefers
the non-segregated state. Secondly, partially gatgd surfaces are observed for M = Rh, Pd,
Ir and Pt, as shown in Figure 5-1-b2 with red coldre alloys with partial segregation of M
atoms to the surface lead to a slab with NiM/NiN¥iNisM for the four layers, different to
the fully segregated M/NIi/Ni/Ni structure (see High-1) that is least stable than the partially

segregated state.
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al) Non-segregated a2)Anti-segregated a3)Partially segregated a4)FuIIysegregated

Pd PdM
PaM PdM Pd B
PdsM PdsM

bl) Pd;M, with M: b2) Ni;M, with M:
Ti V Cr Mn Fe Co Ni | Cr | Co Ni
Zr Nb | Mo | Tc Ru Rh Pd Ru Rh Pd
Hf | a | W | Re | Os | Ir Pt | Re | Os | Ir Pt

Figure 5-1. (a) The four evaluated segregation stes, and the solute
transitions metals (M) evaluated for (b1) PdM and (b2) NisM alloys, with the

most stable segregation state indicated with the gesponding color from

panel (a). Pd and Ni are shown in white in bl and 2y respectively, for
identification of their position in the periodic table.

5.3.2 Benzene adsorption on PsM bulk alloys

The adsorption of benzene has been performed x#audit cell. This adsorption corresponds
to 9.2 x 16" molecules i, which is low regarding the saturation coverag®.6fx 13%on
Pd(111) (37 % of the saturation coverage). Screerbenzene adsorption on several
bimetallic catalysts is expected to provide usefidights that can be used to construct
predictive models for catalyst design. Benzene easorb with multiple adsorption
geometries on the various bimetallic surfaces. &loee, only those with the same orientation
as the most stable geometries on Pd(1P15? ®namely bridg& (bri) and hollow (hcp’ and
fcc”) sites, have been evaluated on the bimetallicased. The nomenclature of every

adsorption site in this work follows the one progmgreviously by Sabbe et &l.

Non-segregated alloysSeven adsorption geometries have been identifiedon-segregated
surfaces (see Figure 5-2). For hollow sites, theogation sites are named as the 3 metal
atoms in the first layer bound to benzene, andfimige sites the two metal atoms bound each
to two carbon atoms, followed by the site geomeégy hcp, fcc® or br®. For two bridge
sites also the second-layer metal atom below tlsoradte is added in the nomenclature

because the two first characteristics are the samethe Pgbri*®-Pd and the Pebri*®-M
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The seven sites in Figure 5-2 have been evaluatettieo PgPt and PgCr. The most stable
sites on these two alloys, i.e., Futi*>-Pd for PdPt and the PdM-bi} for P&Cr (see Table
5-1), have been further evaluated on the othersegnegated surfaces. Generally, the results
show that bridge are more stable than hollow siteboth PgPt and Pe¢Cr catalysts, in line
with Pd(111)"° Similarly to PdCr, the PdM-bri%Pd site is the most stable site for the other
non-segregated surfaces (see Table 5-1). Benzéfetinds by four dis-type and twor-
type interactions to the surface, and the formstrisnger than the lattét. The interaction of
benzene with M atoms is weaker than with Pd at@rpected from the adsorption energies
in Table 5-1 as compared with the value on Pd(bfB125 kJ mot. Therefore, the PdM-
bri*®° site, which involves more di-type interactions with Pd atoms, are more stablalb
allows, except Pd3Pt, than the other adsorptias sivhich have less diHype interactions
involving Pd atoms. For RBBt, a slightly weaker adsorption energy is obtaic@upared with
Pd(111), which is expected from the similar elegizostructures of Pt and Pd but still

stronger Pd-C than Pt-C bonds.

Pd,M-fcc®

Pd,-fcc® <:>

¢,

Pd,M-hcp®

Pd,-brM Pd,-bri®-pd

O PdM-bri3°

Figure 5-2: Adsorption sites of benzene on the sw€e evaluated for the non-
segregated bulk PgM alloys. Pd and M atoms are indicated in blue anded,
respectively.
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Table 5-1:Adsorption energies (kJ mof) for the different adsorption sites of
benzene on PgPt and Pd&Cr non-segregated catalysts, and the values for the
two most stable sites on other non-segregated alky

Sites Eag: (kJ mol")
PPt PdCr PdTi Pd&Mn PdZr PdHf
Pds-hcp’ -795 -68.1 - - - -
P&M-hcp’ -108.9 -675 - - - -
Pas-fcc? -826 -655 - - - -
Pd,M-fcc? -102.8 -63.7 - - - -
Pa-bri*’-Pd -115.7 -62.8 -216 -57.1 -376 -9.2
Pd-bri*®-M -104.2 -71.9 - - - -
PdM-br*® -106.1 -84.7 -59.9 -72.3 -395 -39.9

Antisegregated alloys.The situation is more complex for antisegregatéoyaldue to the
different composition and symmetry of the four atohayers of the slab. Thirteen different
adsorption sites are identified on the surface Wiige™® and hollow adsorption geometries,
as illustrated in Figure 5-3. The hollow sites @entified by the site geometry (Hepr fcd),
followed for (i) hcp sites by the metal atom in #exond layer and underlying structure of the
third layer, and for (ii) fcc sites by the undengistructure of the second layer, and the metal
atom found in the third layer below the adsorb&iece bridge sites are combination of one
hcp and another fcc sites, the seven britigites (see bif sites in Figure 5-3) are identified
as site geometriri®, followed by the underlying structure of the thleyer below the hcp
site, and the underlying structure of the secogdrl&delow the fcc site, separated by a slash.
Due to the large number of adsorption sites, thelevmange has only been evaluated on
P&Rh (see Table 5-2), chosen because this alloys sham-magnetic behavior and is
computationally less demanding than magnetic alldy® most stable site is further studied
on the other antisegregated catalysts (see TaB)e Bae most stable site on Rt does not
have to correspond to the most stable on the athgrsegregated alloys, however, these
results are expected to be accurate enough to sxfire changes in adsorption energy from
one alloy to the next. On ERh, the most stable site is the bri-M,Rd%fcc-PdM-M with an

adsorption energy of —95.8 kJ rif¢ee Table 5-2). This is closely followed with ~5rkol*
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bri-M-Pd,M3%/fcc-Pd,M-M

-Pd,M-Pd  bri-M-

&bri M-Pd33°:w

sM3/fcc-PdM, |

S (N Yy

Figure 5-3: Possible adsorption sites for benzenenothe surface of
antisegregated bulk PgdM alloys. Pd and M atoms are indicated in blue and
yellow, respectively.

Table 5-2: Adsorption energies (kJ mat) for the different adsorption sites of
benzene on the antisegregated Biah alloy.

AE s (kJ mol™)

Adsorption sites PdRh
hcp-M-Pds —-84.9
hcp-M-Pd,M -79.9
hepg-Pd -86.5
fcc®-PbM-M ~-84.6
fcc®-Pd,M-Pd -76.8
fcc®-PdM, —-86.2
bri-M-Pd,M>*Yfcc-PdMp -91.6
bri-M-PdsM*fcc-PdM, -85.1
bri-M-Pd;*“/fcc-PdM-Pd -91.9
bri-M-Pd,M*/fccPM-M ~95.8
bri-Pd“/fcc-PdM-Pd —94.9
bri-Pd*/fcc-PdM -93.7

bri-Pd/fcc-PdM-M —94.4
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Table 5-3: Adsorption energy (kJ mof') of benzene on the surface of several
antisegregated catalysts. Values for the bri-M-PgM *%fccPd,M-M site, which
is the most stable site for benzene on ERh.

AEagsp (kJ mol™)
Antisegregated alloys| bri-M-Pd ;M **/fccPd,M-M
PV -51.3
PdFe —47.7
P&Co -59.4
Pd&;Ni -74.8
P&NDb -37.9
PdMo -44.0
Pd&Tc —63.4
Pd&Ru -76.7
P&Rh -95.8
PdTa -25.5
PdW -35.3
P&Re -56.1
P&Os -47.7
PdlIr -93.4

by most of the other bridd®adsorption sites, but the hollow sites are attl&@kJ mof less
stable. The adsorption of benzene at the bri-MvP8fcc-PgM-M site on PgRh also leads
to the strongest adsorption energy out of all agtisgated catalysts (see Table 5-3), closely
followed by Pdir with 2.5 kJ mof" and by the other anti-segregated alloys with @tl@0 kJ

mol* weaker adsorption energies.

Segregation in the presence of benzene adsorbéthe most stable segregation state of a
clean bimetallic surface has been reported to achapgn adsorption of molecules such as O
3537 or Cl %8 Therefore, the segregation energy of the covemedaces has also been
calculated comparing the electronic energies ofuthié cell with benzene adsorbed at the
most stable site of each surfaces. This has ordy egaluated for the alloys with segregation
energies for the clean (2x2) unit cell surface Wwet®0 kJ mof, namely PgMn and PgPt as
shown in Table D1 in Appendix D. For the alloysiw#egregation energies larger than 30 kJ
mol?, changes in the segregation state are not expegiea benzene adsorption. For non-

segregated alloys, the adsorption of benzene orPtkdn further stabilizes this structure,

while for P@Pt the antisegregated state is only 3 kJ'nmoore stable than the non-segregated
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surface with benzene adsorbed. Due to this sniédrdnce, the PgPt non-segregated surface
is further considered. For none of the antisegezhalloys the segregation state is inverted
upon benzene adsorption, as shown in Table D1 peAgix D, in line to the results obtained

for antisegregated f alloys by Sabbe et &F.

5.3.3 Benzene adsorption on Ni3M bulk alloys

Antisegregated alloys.Only the bridgd’ sites are evaluated onJNi antisegregated alloys
(M= Cr, Co, Ru, Re, and Os), because they provdmktmore stable than the hollow sites on
P&M. The whole range of bridgesites has been evaluated on@¥i see Figure 5-3 and
Table 5-4. The most stable site is the bri%dc-PdM, with an adsorption energy of —94.3 kJ
mol?, different than the antisegregatedsMdalloys for which the most stable is the bri-M-
P,M3*Yfcc-PM-M. On the other NjM antisegregated surfaces, the adsorption energy of
benzene at the bri-P¥fcc-PdM, site is much stronger than onsi, particularly on NiRu

and NiOs, by more than 40 kJ mblMoreover, the adsorption energy onsRli (see Table
5-4) is at least 45 kJ miblstronger than the values obtained ogMPdntisegregated surfaces

(see Table 5-2).

Partially segregated alloysFour NgM alloys show partial segregation of M atoms (R, P
Ir, and Pt) to the upper surface for the cleanan@f Ten different adsorption sites are
identified for benzene on this surface with hoffoand bridgd” adsorption geometry (see
Figure 5-4). The nomenclature of these sites falomat proposed for the previous surfaces.
Hollow sites are defined by the three surface matiains bound to benzene, followed by the
site geometry (hcpor fcd). Two fec sites with the same site characterisiiesalso identified
with the metal atom (M or Ni) in the third layerlbe the adsorbate. Bridge sites are
identified by the two metal atoms bound to carbtome inn-type interactions, followed by

bri, the metal found at the hcp site in the secondrlaseparated with a slash tog, and the
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metal atom below the fcc site in the third layeneTwhole range of adsorption sites has been
evaluated on NPd, as listed in Table 5-5. The most stable adseiibahe Ni-bri-Ni*%/fcc-Ni
with an adsorption energy of —62.2 kJ thotlosely followed by the structurally similar Ni

bri-Ni*%fcc-M site, and by the other sites with at leg&kd mol* weaker adsorption energies.

Segregation in the presence of benzene adsorb&imilarly as for PeM, the antisegregated
NisM alloys remain more stable than with the othersgae segregation states upon benzene
adsorption. For the partially segregatediiNand NgPt surfaces, benzene adsorption reverses
the segregation tendency and the non-segregatedaeestable than the partially segregated
alloys (see the adsorption energy in Table 5-5, #wedsegregation energies for the clean
surface and with benzene adsorbed in Table D1 peAgdix D). The stability is not inverted
for the other two segregated surfacessPNi and N4Rh, which can be explained by the

stronger adsorption of benzene on Pd and Rh thai.§A

- - -

Ni,M-hcp % &

NiM ,-fcc©

NiZM-fcco-MO
. L

NiM-bri-Ni 39ffcc-Ni

® Ni,-bri-Niso/fecM

NiM-bri-Ni 29ffgc-M

L LR

W

M,-bri-Ni 30/fcc-Ni Ni,-bricNi 30/fcc-Ni

Figure 5-4: Adsorption sites of benzene on the swate of partially segregated
NizM alloys. Ni and M atoms are indicated in green andblue colors,
respectively.
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Table 5-4: Benzene adsorption energies (kJ mdl on antisegregated NiM

alloys.
AEags (kJ mol™)

Antisegregated N§Cr NizCr NisCo NisRu NisRe NiOs
bri-M-Ni,M>/fcc-NiM, 879 -
bri-M-NisM*%fcc-NiM, -81.9 -
bri-M-Ni5*fcc-Ni,M-Ni -90.6 -
bri-M-Ni,M*/fccNi,M-M -82.4 -
bri-Ni*%fcc-NiM-Ni -909 -
bri-Ni*“/fcc-NiM -94.3 -943 -108.3 -146.0 -120.3 -14p.1
bri-Ni*“/fcc-NiM-M 776 -

Table 5-5: Benzene adsorption energies (kJ md) on partially segregated and
non-segregated NjM alloys.

AE g (kJ mol™)
Partially segregated NiPd NisRh NisPd
NiM-bri-Ni *“%/fcc-M _A7.4
NiM-bri-Ni/ *%cc-Ni -49.2
Ni-bri-Ni*%/fcc-Ni —62.2 -91.1 —62.2
Nio-bri-Ni*%/fcc-M -59.2
M o-bri-Ni*“/fcc-Ni -18.4
NizM-hcp’ 421 -
NiM 2-hcg 382 -
Ni,M-fcc®-Ni _38.4
NiM o-fec” -36.8 -
Ni,M-fcc®-M —44.6
Non-segregated* Nilr Ni 3Pt
Ni-bri**-Ni -114.8 -104.8

* Corresponding to alloys that show partial segtiegaof the clean surface and

non-segregation in the presence of benzene adsothdy the adsorption on the

most stable adsorption site obtained forsNPdhon-segregated alloys has been
studied (Ni-bri*%-Ni)

5.3.4 Catalysts descriptors for benzene adsorption

The study of benzene adsorption onYXbimetallic surfaces is computationally very
expensive, due to the large number of possiblerptisa sites and the size of the (4x4) four-
layered unit cell (64 atoms) that is required todelobenzene adsorption below saturation
coverage on a surface withs¥X stoichiometric composition. Therefore, catalygteperties

that correlate with benzene adsorption energyrdegdsting to evaluate future catalysts.
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The computationally less demanding adsorption omé&t carbon has been evaluated on the
different alloys, since it can be expected thatnges in benzene adsorption can be
accompanied by a similar variation in carbon adsonp The possible adsorption sites on
each segregated surface have been studied in aBr2Zell for those alloys also considered
for benzene adsorption. The studied adsorption géwes and the calculated adsorption

energies are discussed in Appendix D.

The most stable adsorption energy of benzene inyeally is plotted as a function of the
most stable adsorption sites of carbon in Figuke B-good correlation is observed between
the two for which, remarkably, not only the valwsPdM correlate (blue in Figure 5-5) but
also those calculated on4M alloys (red), and pure Pd(111) and Ni(111) (gieédthough
some alloys are observed to deviate from the caledltrend, such as those involving the 1Vb
metals (Ti, Zr, and Hf), the largest deviation betw the correlation and the actual values is

below ~20 kJ maét.

-200 . ! ! | .
-/50 -700 -650 -600 -550 -500
AEads,carbor (k'J mOI_l)

Figure 5-5: Adsorption energy of benzene as a funon of that for atomic
carbon (kJ mol™?) calculated on PdM (blue), NisM (red), and monometallic
catalysts (Ni and Pd in green). The Rvalues for the linear regression is 0.83.
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Despite the large decrease in computational cosiggioom benzene to carbon adsorption,

there are still different carbon adsorption sitedé evaluated, and therefore an even more
accessible catalyst descriptor that can capturdrdra in benzene adsorption is desirable.
The binding energy of an adsorbate to a metal serirongly depends on the molecular

valence electrons and the surface band struftuter transition metals, as those investigated
in this work, the occupancy of the d-band variesngl each series, and differences in

reactivity may be related to changes in their debatructure.*” Hammer and Ngrskov

86
,

proposed the d-band mod&1% which relies on the relationship between adsonpsimength
and the center of the d-bang)( This model has been mostly evaluated for themudi®n of
simple molecules on metalli®* and antisegregated (skin) surfatesHowever, the
applicability of this model may not be straightf@ms for the adsorption on surfaces

consisting of different metals, e.g. non-segregategartially segregated surfac&sas for

certain complex adsorbate—substrate systéms.

The d-band center of the occupied d-band projeatedll atoms in the surface layer, relative
to the Fermi level, is plotted as a function of #usorption energy at the most stable benzene
adsorption site for the whole range of;Mdand NgM alloys, together with the value for
Pd(111) and Ni(111) (see Figure 5-6). A good catieh is observed for all segregation
states, for which the higher the d-band center tbser to the Fermi levekd&:), the stronger
the adsorption. The reason is that higher eneagpg (bopulated) antibonding states are created
upon adsorption on alloys withsg closer to the Emi. The error estimating the adsorption
energy of benzene from the d-band center is sidatber than that using carbon adsorption
energy. Moreover, both correlations improve if tredues are split into antisegregated and
non-segregated alloys, including in both correlative corresponding B and NgM results

(see Figure D4 in Appendix D).
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Figure 5-6: Adsorption energy of benzene on the mbstable adsorption site
(kJ mol™) as a function of the d-band center of the occupiestates projected
on all atoms in the surface layer €4 in eV) for the most stable site for the
whole range of PdM (blue) and NisM alloys (red), Pd(111) and Ni(111)
(green). The Rvalues for the linear regression is 0.76.

5.3.5 Screening the reactivity for benzene hydrogenation

If a single benzene adsorption site is considemeceach bimetallic surface, the catalytic
hydrogenation of benzene consists of six sequehigdrogenation steps via 13 possible
reaction paths. The study of this reaction network several alloys is computationally
extremely expensive. Therefore, this work has stidhe first hydrogenation step, from
benzene to monohydrobenzene, to provide a firgtnasbn of the benzene hydrogenation

reactivity of each alloy.

The first hydrogen addition step from benzene toomydrobenzene has been evaluated on
nine PdM alloys (with M = Ti, Cr, Mn, Fe, Co, Ni, Mo, land Pt), and eight AVl alloys

(with M = Cr, Co, Ru, Pd, Re, Os, Ir and Pt). Dodhte lower symmetry of benzene adsorbed
on bimetallic surfaces as compared to gas-phaseeherand the adsorption on monometallic
surfaces, for the first hydrogenation step the ¢tratan be added to different carbon atoms.

As in the Pd(111) case, the hydrogenation of cadtoms involved in two dé-type bonds,
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i.e., carbon atom bound to a metal atom that isonanhd to any other carbon atom, is always
more activated, up to 30 kJ rifplthan the other carbon atoms (those bound to alra&im
that is also bound to another carbon atom). E.gkJ4nol* more activated in R&h, as
shown in Table D5 in Appendix D. Secondly, differearbon atoms can be observed:in
type interactions, due to binding to different sd metals, or binding to the same metal but
with different neighboring metal atoms. The repdr@lues correspond to the least activated

hydrogenation from those evaluated. More detaisbmfound in Appendix D.

To the best of our knowledge, no theoretical stuay reported activation barriers for benzene
hydrogenation on bimetallic catalysts. As can bseoked in Figure 5-7, most bimetallic
catalysts are more reactive than Pd(111) for tis# fiydrogenation step, e.g, J#d(106 kJ
mol™), P&Pt (103 kJ mat), and PgCr (112 kJ mot) as compared to Pd(111) (122 kJ Mol
which agrees with the increase in benzene hydrdmgenactivity experimentally observed for

Pt-Ir 8 8% pt-pd® 1214 and Pd-Cf* as compared to the Pd.

Three catalysts descriptors are used to describerdhctivity trends from one bimetallic
catalysts to the next: (a) the benzene adsorptiengg, (b) the carbon adsorption energy, and
(c) the d-band center of the occupies states ofsthitace atoms. The correlation between
activation barriers and these three descriptoshawvn, respectively, from top to bottom in
Figure 5-7. The descriptor that gives the bestetation is the benzene adsorption energy. As
expected, the weaker benzene adsorption, the tdsstad is the reaction. This correlation
agrees with those reported for cyclohexene hydratiiem on Pt-based® and benzene
hydrogenation on Co-bas®dcatalysts. The correlation shows that mosiMPdlloys bind
benzene less strong thansMi alloys and have, therefore, lower activation leas: The
geometries of benzene are different for weak amdngt adsorption on the surface, as
illustrated in Figure 5-8 for (a) BTa and (b) PgPt. Weak adsorption leads benzene to adopt

a geometry that resembles that in gas phase, arigled metal-carbon bond length and without
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Figure 5-7: Correlation between the electronic actiation barrier of the first

hydrogenation of benzene to monohydrobenzene and)(adsorption energy
of benzene, (b) adsorption energy of carbon, and )(a-band center of the
occupied states of the surface atoms, for B alloys (blue rhombus), NgM

alloys (red circles), Pd(111) and Ni(111) (greenitngles). R values for the
linear regression are, from top to bottom, 0.75, 67 and 0.47.
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C-H bending out of the ring plane. The correlatiodicated that the weaker adsorption leads
to a more facile hydrogenation of benzene to modoihenzene, e.g. by 15 kJ ridior
PdTa as compared to Bt as shown in Figure 5-8. However, as it is shtater, the activity
does not depend only on activation barriers, amdetls an interplay between other factors

such as benzene adsorption.

Similar to benzene adsorption, the smaller theaardusorption energy the less activated is
the first hydrogenation step. For the d-band ceoitéine occupied states of surface atoms, the
correlation indicates that that the closer the debeenter to the Fermi level, the higher the
electronic activation energy. The slope of thevation energy vs. the occupied d-band center
is opposite to the slope observed by Christiangeh Morskov for the adsorption step in
ammonia synthesis” but for the activation energy for,Ndissociation. The two latter

catalysts descriptors yield less good correlatammpared to benzene adsorption energy.

a) AE.ysppgsta = —25kJ mol b) AE.4sppazpt = —116 kJ mol 1
Eaelpasta = 100 kJ mol Eaelpaspt = 115 kJ mol 2

Figure 5-8: Adsorption geometry of benzene on thea] antisegregated Pe¢lla
and (b) non-segregated PgPt surfaces, with the corresponding adsorption
energy (kJ mol'), activation barrier for the first hydrogenation (kJ mol™),
and the distance between the center of the carbonng and the first atomic

layer (pm).
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Finally, the benzene adsorption energy is used eetayst descriptor to assess the activity
shown by the virtual candidate catalysts, and éstalwvhich values are optimal under given
reaction conditions. As explained more in detaithe methodology and in Appendix D, a
rate determining step model has been constructedetermine benzene hydrogenation
turnover frequencies (TOF in'sfrom the results calculated for different catéydn this
model, the TOF is calculated as a function of thange in benzene adsorption energy
relative to that calculated on Pd(111)A€adss = AEadsgxam — AEadspdi17) Hydrogen
adsorption energy is calculated for the most staldkorption site calculated for carbon (see
correlation as a function of benzene adsorptionggee in Figure D7 in Appendix D). The
activation barrier for the first hydrogenation teta to the value on Pd(111)E; ei= (Ea el xam

— Eapda11), is related to the variation in benzene adsonpéinergy relative to Pd(111) by the
relationshipAE; e = m AAEaqs g Shown in Figure D8 in Appendix D and yieldingaue of m

= -0.3. In a similar way, the variation in hydrogadsorption is calculated @\Eaq4s 2=y
AAEgagsg shown in Figure D8 in Appendix D, with = 0.43. Figure 5-9 shows the TOF
calculated at T= 400 (dotted), 450 (dashed), arks@full line) atps= 6.7 x 10° bar,pu, =
0.9, andpcua = 6.6 x 10" bar. From Figure 5-9 it can be observed that tweet the
temperature, the closer the maximum in TOF isheovalue for Pd(111), i.eAAEags s 0 kJ
mol. Increasing the temperature moves the maximum T@fards stronger benzene
adsorption energiesAQAE,gssg< 0), which shows the interplay between adsorptaomd
reaction that is needed to predict catalysts d@ssi Regarding the reactions conditions that
are considered to calculate the TOFs, for temperathetween 400 and 500 K the optimal

catalysts are those that bind benzene 10-20 k3 stainger, e.g. NDs and NiRu.
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Figure 5-9: Turnover frequency (TOF in s%) for benzene hydrogenation as a
function of benzene adsorption energy. The adsormn energy is shown
relative to that on Pd(111). The TOF is calculatedassuming a rate
determining step model for the second hydrogenationstep, using the
obtained catalyst descriptor correlation, and kinetc parameters calculated

for a coverage-dependent model on Pd(111), as exipled in Appendix D. The

results correspond topg = 6.7 x 107 bar, pu> = 0.9 bar, and T= 400 (dotted
line), 450 (dashed) and 500 K (full).

5.4 Conclusions

Design of catalysts for benzene hydrogenation rfopaed screening bimetallic BMd(111)
and NgM(111) surfaces. Benzene adsorption is evaluatetth@most stable segregation state
of the bimetallic surfaces. Since benzene adsarpsicomputationally very demanding, good
correlations are obtained with the more accessiatbon adsorption energy and the d-band
center of the occupied states of surface atomsthediatter, benzene adsorption is stronger in

those alloys with a d-band center closer to thenFvel.

The reactivity of different catalysts for benzengdiogenation is studied for the first

hydrogenation step. The electronic barrier coreslavell to benzene adsorption energy,
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which is proposed as a catalyst descriptogMPdenerally bind benzene weaker tharsNii
alloys, hence the first hydrogenation step is nmamtévated on the latter alloys. Variations in
adsorption energies and activation barriers, redatio Pd(111), are implemented in a
previously develop microkinetic model on Pd(111)ptedict performances as a function of
the conditions. At typical hydrogenation conditiptise maximum in turnover frequency is
obtained for catalysts that bind benzene strortgger Pd(111), up to 20 kJ nidbetween 400-

500 K corresponding e.g. toJRu and NiOs antisegregated alloys.
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Chapter 6

Conclusions and perspectives

6.1 Conclusions

In order to optimize the efficiency of its processes, the chemical industry always strives to
improve existing catalysts and develop new materials with novel catalytic properties. The
present work applies periodic density functional theory (DFT) to search for optimal catalysts
for the hydrogenation of benzene. In this respect, a detailed molecular level description of this
reaction is first obtained on Pd, which is a commonly used catalyst for the hydrotreatment of
oil fractions. Special attention is devoted to understand and quantify the effects of surface
coverage on equilibrium coefficients for adsorption and rate coefficients for surface reaction
steps, allowing to predict the activity of this reaction at actual conditions. In a second step,
DFT is used to calculate the reactivity trends for benzene hydrogenation from one catalysts to
the next. These trends are related to a catalyst descriptors, catalysts properties that describes
the essential characteristics of a catalyst. The activity of virtual candidate catalysts can be

predicted by implementing the catalysts descriptor into the constructed kinetic model for
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hydrogenation on Pd(111). This methodology results in an efficient, knowledge-based

predictive model to design optimal catalysts as a function of the conditions.

Regarding the study of hydrogen coverage effects on benzene and hydrogen coadsorption on
Pd(111), several conclusions can be drawn. Thermodynamic phase diagrams are constructed
using DFT-based surface Gibbs free energies. These diagrams can predict the most stable
surface coverage of a catalysts under reaction conditions. Theoretical studies often, if not
always, neglect vibrational contributions to the surface Gibbs free energy and, hence,
essentially approximate the Gibbs free energy to the electronic energy calculated from DFT.
Furthermore, these studies are typically performed using gradient-corrected functionals, such
as PW91, but these functional may not properly describe the van der Waals interactions
(vdwW), which have a major contribution to the catalyst-adsorbate bond. The present work has
shown that, first, inclusion of vibrational contributions to the surface Gibbs free energy and,
second, the use of proper functionals to describe vdW interactions, such as optPBE-vdW, is
recommended to predict the most stable catalyst surface coverage as a function of conditions.
Moreover, the constructed diagrams show that, in contrast to the zero-to-low coverage
assumptions usually considered in theoretical studies of catalytic reactions, high hydrogen
coverages of about 8y = 0.89 can be expected to coadsorbed with benzene coverages of Og =

0.11 at typical hydrogenation conditions.

The high hydrogen surface coverages predicted by the thermodynamic phase diagrams
enforces to study the kinetics for benzene hydrogenation on Pd(111) at increased coverage.
Coverage effects are modeled by varying hydrogen coverage on the surface. This allows to
represent a wide range of lateral interaction strength with a computationally efficient
approach, and to mimic the lateral effects by the actual species present on the surface.
Regardless of the surface coverage, the same dominant path is identified in the reaction

network of benzene hydrogenation. Simplification of this complex network, consisting of 13
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reaction paths per benzene adsorption site, to a single dominant path allows to study coverage
effects on the rate coefficients, which would be computationally too expensive for the whole
network. The results clearly show that the hydrogen surface coverage affects the adsorption
and surface reactions to a large extent. On the one hand, adsorption equilibrium coefficients
decrease due to the decrease in adsorption enthalpy with increasing surface coverage. On the
other hand, the rate coefficients for hydrogenation on the catalyst surface increase as a
function of coverage due to the lower destabilization of transition states as compared to
reactants with increasing surface coverage. The coverage-dependent microkinetic model that
accounts for the Kkinetics of every elementary step, calculated with the optPBE-vdW
functional, predicts turnover frequencies that are in the same order of magnitude as
experimental observations. This is in contrast to the results obtained using low-coverage
kinetics or using coverage-dependent PW91 kinetics. In addition, the reactions on which the
turnover frequency is most sensitive differ from those identified from the reaction rates with

the coverage-dependent model, or from those proposed using low-coverage kinetics.

Surfaces of industrial catalyst are generally non-uniform. The detailed study of the reaction is
performed on Pd(111) because it is the most abundant surface of Pd nanoparticles. However,
other common surfaces, such as the (100) and (110), have a large influence on the catalytic
activity. In a first step, the adsorption of benzene on Pd(100) and Pd(110) is studied as a
function of coverage. At the experimental saturation coverage, the adsorption on both surfaces
is much weaker than at medium coverage, particularly on Pd(110). In combination with
experimental observations, the results allow to propose the preferred adsorption sites for

benzene on both surfaces, reducing the number of possible adsorption sites to a large extent.

Based on the obtained microkinetic model on Pd with DFT calculations, in this work a
predictive model is developed that can be used to search for optimal bimetallic catalysts for

benzene hydrogenation. Periodic DFT calculations are extremely useful to determine trends in
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stability and reactivity from one bimetallic catalyst to the next. For the first, the adsorption
energy of the most stable adsorption site of benzene on Pd;M and NisM alloys correlates well
with that for carbon adsorption, and also with the more accessible d-band center of the
occupied states of surface atoms. Secondly, the reactivity for the first hydrogenation step
shows a good correlation with benzene adsorption energy. The variations in reactivity and
benzene adsorption on the different bimetallic surfaces, relative to those on Pd(111), are
implemented in a coverage-dependent microkinetic model on Pd(111) with some
approximations, e.g. the second hydrogenation is the rate-determining step. A maximum in
activity is exhibited between 400 and 500 K for catalysts that adsorb benzene more strongly

than Pd(111), by some 10 — 20 kJ mol™, e.g. NisRu and NiOs.

6.2 Perspectives

The present work has proven that periodic DFT calculations can accurately describe the
activity and reaction mechanism for the catalytic hydrogenation of benzene on Pd(111).
Furthermore, DFT can develop efficient, knowledge-based predictive models to search for
optimal catalysts. The applied methodology can be extended to investigate also other

industrially important catalytic reactions.

The construction of thermodynamic phase diagrams can predict the Pd(111) surface coverage
of a catalyst as a function of the conditions. The coverages that are expected to populate the
surface at hydrogenation conditions largely differ from those usually considered in theoretical
studies. In this respect, inclusion of vibrational contributions to the surface Gibbs free energy,
and the use of a non-local functional that can better describe van der Waals interactions (e.g.

using optPBE-vdW) are strongly recommended. This work has only in an extrapolative way
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included both effects due to computational limitations. Therefore, the approach that accounts

for both effects should be investigated, and compared to the applied methodology.

Implementation of coverage effects on adsorption and reactions kinetics in a kinetic model,
using the optPBE-vdW functional, allows to predict catalytic activities in the order of
magnitude of experimental observations. This could not be achieved using the Kinetics
calculated at low coverages, either from the results calculated with the gradient-corrected
functional. Additional studies regarding hydrogenation reactions, or other industrially
important reactions, should therefore incorporate coverage effects and use functionals that

properly describe van der Waals interactions.

In this work, however, the effect of surface coverage has been assessed varying hydrogen
coverage on the surface only. This approach is much more straightforward than varying
benzene coverage and can provide a very good estimation of the effect of lateral interactions
on kinetics. However, the coverage-dependent microkinetic modeling indicates that benzene
is the one of the most abundant surface species on Pd(111) at reaction conditions. At higher
benzene coverage, it is also possible that the reaction follows a different reaction mechanism.
Therefore, the effect of benzene coverage on adsorption and reactions kinetics should also be
addressed, leading to the full picture of coverage effects. The implementation in DFT can be
computationally challenging because of the size of benzene that requires the use of unit cells
with different size to study various coverages, on the contrary to hydrogen coverage that can
be evaluated with a fixed unit cell. As a first step, the hydrogenation of benzene could be
studied at saturation coverage, which requires a small unit cell, and an estimation of benzene
coverage effects can be extracted by comparison to the results that are shown in this work at

medium coverage.

Aiming to develop a coverage-dependent microkinetic model for benzene hydrogenation on

Pd multifaceted particles, the adsorption of benzene has been evaluated on Pd(100) and
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Pd(110). The results allow to identify the preferred sites as a function of benzene coverage.
Future DFT calculations could evaluate the reaction mechanism and kinetics for benzene
hydrogenation on Pd(100) and Pd(110), together with steps and terraces. This evaluation can
shed light on the structure sensitivity of this reaction, for which there is no consensus in

literature studies.

The combination of constructed microkinetic model for benzene hydrogenation on Pd(111)
with stability and reactivity trends on bimetallic catalysts is an efficient tool to construct
predictive models to search for optimal bimetallic catalysts. Variations in reactivity from one
catalysts to the next have been extrapolated based on the calculated activation barriers for the
first hydrogenation step only. These can be further improved by evaluating e.g. the reactions

that conform the dominant path identified on Pd(111).

Most metal catalysts are often unstable and vulnerable to sintering, hence they are supported
on solid materials such as alumina, silica and carbon to increase their stability. Furthermore,
supports may also affect the catalysts activity; they can be a source of active sites and
participate in the reaction via hydrogen spill-over processes, or they can also modify the
activity of the metal phase (metal-support interactions). This work has not considered
supported catalysts to reduce the complexity of the calculations, therefore, future DFT
calculations can try to assess the contribution of acid sites for Pd deposited on acidic zeolites,

which is relevant for hydrogenation reactions.

Overall, this work has shown that accurate hydrogenation activities can be obtained with
periodic density functional theory if important factors, such as coverage effects, are efficiently
included. Although gradient-corrected functional can be used to predict trends that capture the
difference between various catalysts, comparison of actual values, e.g. adsorption energies,
require a proper description of van der Waals interactions with functionals such as optPBE-

vdW.
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Appendix A

Supporting information for Chapter 2

Contents. Appendix A includes the supporting information fbe methodology followed to
construct thermodynamic phase diagrams, togethdr explanation of the procedure to
evaluate coadsorption geometries as a functiomwérage, adsorption geometry features and

energies, corresponding to Chapter 2.
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Figure A 1: Surface Gibbs free energies as a functm of temperature for the two
consecutive systems with benzene ail= 0.67 or 0.78 hydrogen coverage (blue and
red lines, respectively). The values are obtainedytapplying a frequency cutoff of 25
or 50 cmi* (full and dotted lines, respectively).

Table A 1: Geometries in which spurious imaginary ¢r positive but < 25 cnt)
frequencies are replaced and number of these freqoeies that are replaced.

Geometry with spurious frequencies  Number of frequecies replaced
Benzene ¥y = 0.78
Benzene Yy = 0.89

Benzene ¥y =1
Benzene ¥y =1.11
Benzene ¥y = 1.22
Benzene Uy = 1.33
Benzene Uy = 1.44
Benzene Oy = 1.56
Benzene Yy = 1.67
Benzene Uy =1.78
Benzene Yy = 1.89

ahrDdMOaOMwWwLONDN®ON




Appendix A 193

Thermodynamic calculations:
The surface Gibbs free energy is calculated as shiowq. (Al).

Gags(T) = Npg pu(T) - Z N LG gas; (T, p)
|

r(r. m)= STh

(A1)

With Ga4s and Gy the Gibbs free energy of respectively the adserbamplex and bulk Pd
atom, andGn, gasthe molar Gibbs free energy of the gas phase epegy and ni represent
respectively the number of Pd atoms in the unitanai the number of adsorbed molecules at
the corresponding evaluated coveradeis the surface area of the unit cell, which is
multiplied by two because of the two surfaces tttet slab has in the periodic DFT

calculations.

The Gibbs free energy of the adsorbed complex aadulk is calculated from the enthalpy

and entropy values, as shown in eq. (A2) and €8).(A

Gags = (H -T B) = (Eel + ZPVE+ UVib(T))‘T Biin(T) (A2)

Gpui = (H -T [8) = (Eel + ZPVE+UVib(T))‘T Byin(T) (A3)
With Eg the electronic energy of the relaxed slab, ZPVIE #ero point vibrational
contributions,U,j, the thermal correction to the enthalgdy,the temperature, and;sSthe
vibrational entropy. The molar gas phase Gibbs éremrgy,Gyas accounts for the same terms
as the ones in eq. (A2) and eq. (A3), and consiglewsthe free energy contributions from the
translational and rotational gas phase mod&8°* and S@"**™! which are also calculated
from statistical thermodynamics. Additionallyhe molar gas phase Gibbs free energy
includes the term that accounts for the gas phassspre, in whichkg is the Boltzmann

constant,T the temperature (K)p; the pressure of the gas phase specigsr), andp® the

standard pressure of 1 bar, as shown in eq. (A4).
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Gmgas - (H -T ES) - [(Eel + ZPVE + Uvib +RIT + Utrans+rot) -T [(Svib + Strans+rot)+ R T On F% (A4)

The unit cell used in the calculation has two stefabecause a vacuum layer is included
between periodic images to avoid interactions andhvection perpendicular to the slab. The
Pd atoms in the upper surface are relaxed durieggdometry optimization (“top surface”),

on which the corresponding coverage of specissadsorbed. However, the Pd atoms that
compose the lower (“bottom”) surface are constite the bulk geometry, and on this

surface no species are adsorbed (nxed slabin Fig. S1). The electronic energy obtained
from the periodic DFT calculations correspondsh® whole slab, which includes these two
surfaces. Therefore, the surface free energy tuatbe derived from this electronic energy
corresponds to an average value of these two ssfacile only the upper one is of interest.
In order to calculate an approximate value for angletely optimized single surface

(Telrelaxed, the procedure proposed by Chizallet et'alvas followed. The average surface
energy of the mixed-surface unit cell is countegténimixed slah, and the surface energy of

a completely non-optimized unit cefided slab) is subtracted, i.e. the energy of the unit cell
with all atoms in the bulk structure and withousarbate (see eq. (A2) and Fig. A2). The
result is divided by two to obtain the value foreosurface, since the frequency analysis to

calculate entropies and enthalpies is performed fomnlthe relaxed surface.

-n - i
, Eel,ads ~ Npa [Eel, buik le N [Fel,gasi ) ( Eel. ads — Npd EEELbu'kJ
fixed

20A 20A
Mel, relaxedOK) = mixed (AS)
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Mixed slab Mixed slab Fixed slab Relaxed slab

@ optimizedatom @ Fixed atom

Figure A 2: Scheme illustrating the calculation ofthe surface free energy of a fully
optimized surface, obtained from the mixed and fixe slabs. To avoid the use of an
average surface free energy between an optimized camon-optimized surface, the
electronic energy of the regular unit cell (with o optimized and another non-
optimized surface) is counted two times, and the ettronic energy of a non-
optimized unit cell is subtracted.

Four different approaches have been consideredltolate surface Gibbs free energies. The
first approach, i.ePW91-E, assumes that the vibrational frequencies havg antmall
contribution to the surface Gibbs free energy. Tisisusually done because obtaining
vibrational frequencies for adsorbed species is prdationally very demanding and not
always straightforward. Gibbs free energies forodokste and bulk are approximated by the
electronic energy from the PW91 functional, neghertall vibrational contributions and
retaining only rotational and translational conittibns for gas phase molecules, as shown in

eg. (A6).

Z Utrans+rot -T Esrot+trans +RIT Eln[pi)]]
gasi

_ i p
pPWOL-E, _

el,relaxed ~ N A (A6)

The second approach, i.BW91-G calculates the Gibbs free energy including vibrel
contributions for theads bulk and gas terms, because entropy contributions to the serfac
Gibbs free energies may play an important role ha thermodynamic phase diagram,

particularly for larger molecules such as benzdwsorbates are considered immobifer
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the whole range of coverages and, therefore, Gitvtbe energy contributions from

translational and rotational modes are only inctufte gas phase species, see eq. (A7).

(zrvE+u™®)-T 8"),0 ey clzPvE+U®)-T 8" )y
2A 20A

[PWOL-G _ -

el,relaxed +

Z[(ZPVE'F U vib +RIT +U trans+r0t) -T E(wa + Strans+r0t) +RIT Dn(DIQ]J (A?)
-n ! P gasi
1

20A

The thirdvdW-DF-E, approach uses the electronic energies with thé*Bjt vdW-DF and

neglects vibrational contributions, as shown in(é®).

Z Utrans+rot -T ESroHtrans +RIT Dn(pi]J
gasi

vdW-DF-E, _ :
r b= reI,reIaxedvdW—DF -n

(A8)

A

The final approach gives a rough picture of thailtesthat would be obtained if vdW-DF
vibrational contributions are included and the viDiF-method is used to calculate electronic
energies. This is done by adding the PW91 vibraticontributions to the vdW-DF electronic
energy term, since the vibrational contributionsngghe vdW-DF has not been calculated
due to computational constrains. This approaclefsédd asvdW-DF-Gwgg, as is shown in
eq. (A9).

(zrpvE+UY®) =T B8 ) pwor )
2 A

r PW91-Gppe — +
el,relaxedvdW-DF

_ Npd [((ZPVE+ U Vib) -T ESVib)bulk, PW91 _ (A9)

20A

Z [(ZPVE +U vib +RIT +U trans+ I'Ot) -T I:(wa + Strans+ |’0t) +RILIT Dn[pIJJ
- o
i p gasi,PW91

N 2 0A
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To compare the results obtained between the tved Riw91-E, and PW91-Gapproaches,
surface Gibbs free energies are broken into it tdoesit terms, i.e. enthalpy, entropy and

pressure terms, as shown in eq. (A10).

ROT Dn(pioJ
P

2 A

r=ry +fs-n (A10)
The enthalpy and entropy terms use®W91-E, are respectively shown in eq. (S11) and eq.

(512), i.e.r [V E and FEWOTE and they are compared to the corresponding oses u

in thePW91-Gapproachsee eq. (S13) and eq. (S14).

trans+rot
N, |jzum,gasi
PWOI-E, _ ~PWOI-E, _ i
M = I_eI,reIaxedl 5 [A (A11)

trans+rot
-n DZ - T By gasi
i

[PWOL-E, _ Al2
F S (A12)
PWOI-G _ - PWOI-G (ZPVE +U )ads ~ Npg E(ZPVE +u” )b”'k Rk Ei (ZPVE HUR U RT)QaS (Al3)
rH =r elrelaxed + 2[A
(—T [Svib)ads ~ Npy [(—T [SVib)bu”( -n DZ (—T E(S,\.gb _ B}Tr]ans+rot ))gasi
FEWeL-G - i (A14)

20A
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Calculations of benzene pressure as a function ofylirogen pressure for the
coadsorption of a fixed benzene coverage with inasing hydrogen coverages:

For benzene and hydrogen coadsorption, the bercmgage has been fixed in the periodic
DFT calculations, however, each conditionp(;) requires a different benzene pressure in
order to fix the benzene coveragédgat 0.11.

The benzene pressure has been calculated fromgaritanmodel for coadsorption, as shown
in eq. (S15), given a hydrogen pressure and a fbertzene coverage, and the equilibrium

coefficients at a certain temperature from thequbci DFT calculation.

O P, Ky, )+ 68

(A15)
Kg — 65 [Kg

Ps =

The values of surface Gibbs free energies depenobtn hydrogen and benzene gas-phase
pressures. However, the transition line in the rtfeelynamic phase diagram between two
consecutive coverages, which are obtained in theesanit cell and at the same benzene

coverage, is not affected by benzene pressurejsashiown in Fig. A3.
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Figure A 3: Surface Gibbs free energies as a funati of temperature for the
coadsorption systems with benzene ari}; = 0.44 (blue) and benzene with, = 0.89
(red) using a benzene pressure of 1 bar (full ling®r the one obtained from a
Langmuir model for benzene and hydrogen coadsorptio
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Calculation of the temperature for the transition between clean surface and adsorbed
benzene, for the coadsorption of benzene and incrgag hydrogen coverages:

The transition line fronbg = 0.11 /6y = 0 to6g = 6y = 0 is included in the thermodynamic
phase diagrams for coadsorption, a transition iatlearly dependent on the pressure of
benzene. This line is obtained as follows: first, évery point in the transition from benzene
adsorbed (B9 to the first thermodynamic most stable coadsosystem,T; temperatures in
Table A 2, the pressures of benzene required tairobg = 0.11 at a given temperature and
hydrogen pressure are calculated using a simplgrhair model for coadsorption, as shown
in eq. (S15) and the values listed in Table A 2e Hadsorption equilibrium coefficients are
obtained from the DFT calculations with the cormasging functional. Assuming that for a
given hydrogen pressure the obtained benzene pesssemains constant with increasing
temperatures, the same Langmuir model is then tesdihd the temperatures at which the
benzene coverage decrease8gte 0.05,T, in Table A 2, which can be used to represent the

transition from the clean surface to the benzenera surface.
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Geometries evaluated for hydrogen adsorption:

For the adsorption of hydrogen upti@= 1, the following cases were evaluated:
a) Adsorption up t@y = 1 on a single type of surface site (most staage, on fcc sites)
b) Adsorption up t@y = 1 on a single type of subsurface site
c) Every combination of two types of surface sitesaufy =1
d) Every combination of two types of subsurface sife$06y = 1
e) Every combination of surface and subsurface sipe® 0y = 1

For the adsorption of hydrogen frdip > 1 toby = 2, the following cases were evaluated:
a) Combination 0By = 1 surface hydrogen with up g = 1 subsurface hydrogen (most
stable)
b) Combination oby = 1 subsurface hydrogen with upte= 1 surface hydrogen.
c) Combination ofoy = 1 surface hydrogen with up @ = 1 surface hydrogen on a
different site.
d) Combination oby = 1 subsurface hydrogen with upti@= 1 subsurface hydrogen on

a different site.

Geometries evaluated for hydrogen and benzene coanmtption:

A lesser amount of combinations were evaluatedhiercoadsorption with benzene due to the
large number of possible cases. Conclusions framattsorption of hydrogen alone, such as
that the bridge sites are not stable at higher ra@ee and diffuse to hollow sites, were
incorporated in the rationale what the most possshirface configuration of all the hydrogen

atoms could be.

For the coadsorption up to the surface-layer saturai.e.,0y = 0.89, combinations of the
two most stable sites (fcc and hcp) were evaluafedan example, aby = 0.44 these
following cases were studied:

a) Benzene + all atoms in fcc sites

b) Benzene + all atoms in hcp sites

c) Benzene By =0.33 fcc 0y = 0.11 hep

d) Benzene 9y =0.11 fcc 404 = 0.33 hep
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e) Benzene By = 0.22 fcc 0y = 0.22 hep

A similar approach was used to evaluate absorpimto the subsurface-layer saturation, but
now considering combination of the three, octastfhsa, tetrasub13, and tetrasub31, sites.

For coverages abowg > 0.89, and up to 1.33, every combination of baezedy = 0.89 fcc

+ subsurface hydrogen atoms was investigated.

Above 6y > 1.33, there are combinations that were not stldiecause the experience at
lower coverage, the experience with hydrogen adisor@nd the logic indicated that were,
most possible, not the most stable. Additionallys tvas evaluated in some cases to verify it,
e.g. for the coadsorption of benzenés= 1.55, a case was studied in which one of the
subsurface atoms was absorbed on other subsurfi@serather than the tetrasubl3 site,
however, the absorption of all atoms on the tetd8uwsite led always (abowy > 1.22) to

the most stable case. From those studied, ovep@88ible geometries, the most stable ones
are shown in the manuscript.
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Table A 2: For each hydrogen pressure,  in bar, temperature at which the first coadsorbedsystem is observed, Tin K, and
corresponding pressure of benzene at a fixed 0.1&fizene coverage that is calculated from a Langmuimodel for coadsorption using the
values in the PW91-G approach. Trepresents the temperature at which a lower benzencoverage of 0.05 is expected assuming the same
benzene and hydrogen pressure.

pr2 (bar) T pe (bar) T
PW91-G vdW-DF-f PW91-G vdW-DF- PW91-G vdW-DF-f

10° 979 832 1.37 1.19 107 1069 870
10 857 724 2.7310" 4.65 107 951 754

1 759 639 5.24 10 1.74 10° 850 664
10" 680 571 9.7210° 6.2110® 763 592
102 615 515 1.751073 2.12 10° 689 533
103 560 468 3.05 10" 6.98 10 626 484
10™ 514 428 5.2110° 22210 571 442
10” 475 395 8.7210° 6.93 10" 524 407
10° 441 366 1.4310° 2.1210" 483 377
107 411 340 2.29107 6.40 10" 447 351
10% 384 318 3.6110% 1.89 10 416 328
10° 361 299 5.59 10° 5.48 10°%° 387 307

100 341 281 8.5510™"° 1.5510% 363 289
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Table A 3: Adsorption energies in kJ mof of hydrogen adsorbed at different
coverages and sites up to saturation coverage. Thalues obtained with the vdW-DF
functional for the hollow fcc site are shown betweaebrackets.

-1
Site AEads (kJ moh )
0.25 ML 0.5 ML 0.75 ML 1ML
fcc -54.2 (-43.4) -51.5 (-40.6) —49.5 (—38.3) —47.9 (—36.6)
hcp -49.3 -46.6 -44.5 -42.9
bridge -39.2 -35.9 -32.6 -29.1
top -1.6 1.1 3.5 7.0
octasub -17.0 -15.6 -15.2 -14.5
tetrasub31 -17.6 -17.6 -18.4 -19.6
tetrasub13 -13.5 -13.6 -13.8 -14.4
Table A 4: Adsorption energy (kJ mol') per mol of hydrogen for the adsorption of
0.25< 04 < 1 hydrogen coverage on a H-covered surface wit®y nia = 1, for
different combinations. The values obtained with te vdW-DF functional for the
combination of ®y =1 hydrogen fcc and addition of 0.25< ®y < 1 tetrasubl3
hydrogen is shown between brackets.
-1
On,iniial =1  0.25<0Ox<1 ABqq:(kJ moly ™)
Ontota=1.25 Oniota=1.5 OHitota =1.75 OH,tota =2
tetrasub31 -38.6 -32.5 -27.6 -24.2
foc octasub -38.9 -32.7 -28.0 -23.3
tetrasub13 -39.8 (-28.3) —-34.3(-22.6) -30.1(-18.4) -26.8 (-15.1)
hcp -33.1 -20.0 -0.3 19.1
octasub -36.3 -31.7 -28.0 -24.2
hcp tetrasub31 -30.5 -23.2 -18.0 -14.9
tetrasub13 -36.1 -31.5 -27.9 -25.2
fcc -30.3 -20.0 0.0 19.1
octasub 5.0 3.2 1.6 0.4
top tetrasub3l 7.3 6.4 4.7 2.5
tetrasub13 5.9 4.5 2.7 1.1
fcc -18.3 -20.8 -22.8 -23.3
hcp -18.4 -21.6 -23.7 —24.2
octasub  top -8.4 -4.4 -1.0 0.4
tetrasub31 -5.0 2.1 0.9 1.3
tetrasub13 —6.7 -3.2 -1.8 —-0.6
fcc -23.2 -25.3 -25.7 —24.2
hcp -18.9 -18.5 -17.1 -14.9
tetrasub31 top -12.8 —7.6 2.4 2.7
octasub -12.7 -7.3 -1.7 1.3
tetrasub13 -14.5 -10.4 —6.8 -2.5
fcc -20.1 -23.6 -25.8 -26.8
tetrasubl3 hcp -19.6 —22.6 —24.4 -25.2
top -10.1 -5.9 —2.2 1.1
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Figure A 4: Surface Gibbs free energies and electnic energy term as a function of
the temperature calculated for hydrogen adsorptioron Pd(111) with the (a)PW91-
E« and (b) vdW-DF-E4 approaches. The enthalpy and entropy terms in thsurface
Gibbs free energy are the same in both approachdsecause they involve only
translational and rotational modes for gas phase mecules, therefore, these are not
shown.
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Table A 5: Geometrical features of benzene adsorbeah different sites at@z=0.11. Bond distances are shown in picometer whikeond
anglesin®.

dcc dc-pd dcn Ogenzen-1stec | C-C-C C-C-H

pm pm pm pm © ©
bridge(0) 143 245, 217 109 220 120 118
bridge(30) 144 224, 221 109 214 117,121 118
hollow-hcp(0) 144 225 109 220 120 118
hollow-fcc(0) 144 230 109 227 120 118
hollow-hcp(30) 143 219 109 218 120 118
hollow-fcc(30) 143 220 109 228 120 118
top(0) 147 226 110 191 120 116
top(30) 140 280 109 274 120 120

Table A 6: Geometrical features of benzene adsorbedn hollow-hcp(0) sites at increasing coverage. Bdndistances are shown in
picometer while bond angles in °.

dcc Oe-pd de.x Ogenzen-1stpc | C-C-C C-C-H
0 pm pm pm pm © ©
6.25 107 144 224 109 212 120 118
0.11 144 225 109 220 120 118
0.17 142 227 109 216 120 120
0.25 (tilted) | 140 330 109 431 120 120
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Figure A 5: Thermodynamic phase diagram of benzenadsorption at the bridge(30)
site on Pd(111) as a function of temperature (K) ahbenzene pressure (bar) for
standard pressure ofp° = 1 bar using thePW91-E4 approach.
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Figure A 6: Surface Gibbs free energies and electnic term for benzene adsorption
on Pd(111) with the (a)PW91-E4 and (b) vdW-DF-E4 approaches. The enthalpy and
entropy terms in the surface Gibbs free energy arthe same in both approaches,
because they involve only translational and rotatinal modes for gas phase

molecules, therefore, these are not shown.



208 Appendix A

Table A 7: Benzene adsorption energies in kJ mblon a pre-covered surface with hydrogen at surfacand/or subsurface sites, and
benzene adsorbing on bridge(30) or hollow-hcp(0)tss.

Benzene + Surface hydrogen Benzene + Subsurfacedsm

Hydrogen coverage Bridge(30) Hollow—hcp(0) Hydrogen coverage Bridge(30) Hollow—hcp(0)
0 -114.9 -100.0 — -114.9 -100.0
0.11 fcc -106.0 -89.9 0.11 octasub -105.7 -91.8
0.11 fcc + 0.11 hep -91.9 —78.8 0.22 tetrasub -1100. -83.7
0.22 fcc + 0.11 hep -77.0 -70.8 0.22 octasub % etrasub31 -88.9 —76.6
0.33 fcc + 0.11 hcp —62.8 —64.4 0.44 tetrasub31 .1-87 —-71.1
0.56 fcc -42.5 -58.1 0.56 tetrasub31 -71.0 -59.3
0.67 fcc -11.5 —27.5 0.67 tetrasub31 -70.7 -56.9
0.78 fcc 29.9 -15.1 0.78 tetrasub31 -62.1 -54.4
0.89 fcc 36.4 -13.3 0.89 tetrasub31 -62.0 -51.0
0.89 fcc+ 0.11 tetrasub31 35.0 -12.5 1 tetrasub31 61.2— —60.8

Benzene + Surfac®d;irace= 0.89) + Subsurface (0.220supsurfacs 1)

Hydrogen coveragé{riacet Osubsurfac) Bridge(30) Hollow—hcp(0)

0.89 fcc + 0.22 tetrasubl13 33.7 -14.0
0.89 fcc + 0.33 tetrasub13 34.5 -15.7
0.89 fcc + 0.44 tetrasubl13 27.6 -13.4
0.89 fcc + 0.56 tetrasub13 30.5 -13.3
0.89 fcc + 0.67 tetrasubl13 32.8 -11.3
0.89 fcc + 0.78 tetrasubl13 22.7 -10.3
0.89 fcc + 0.89 tetrasubl13 24.6 -10.0

0.89 fcc + 1 tetrasub13 23.8 -11.5
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Table A 8: Geometrical parameters of benzene hollowhcp(0) and hydrogen
coadsorbed on Pd(111) for hydrogen coverages betwe@ (clean surface) andy =
1.89. Average C-C bond length (pm), angle of C-H loal relative to the C atom at the
opposite side of the ring (°), distance between thenzene centre of mass and the Pd
top layer (pm), between the two first Pd layers (py and finally average bond
distance (pm) between all hydrogen atoms, consideg that fcc sites form three
bonds with the Pd atoms.

6 C-C C-C-H* BPd Pdi-Pd2 H-Pd

) (pm) ©) (pm)  (pm) (pm)

0 1435 164.8 209 230 —
0.11 143.4 1651 221 231 180.7
0.22 1432 1655 220 232 180.9
0.33 1431 1657 220 232 180.4
0.44 143.0 1658 221 233 180.2
0.56 1427 166.8 226 234 178.0
0.67 1422 168.8 239 235 179.2
0.78 139.8 1795 346 233 180.5
0.89 139.7 179.8 386 233

1 139.7 179.8 387 235
1.11 139.7 179.8 398 238
1.22 139.7 179.8 389 243
1.33 139.7 179.8 385 247
1.44 139.7 179.8 382 251
1.56 139.7 1798 379 255
1.67 139.7 179.8 380 259
1.78 139.7 179.8 383 263
1.89 139.7 1798 383 268

Benzene gas phasel40.0 180.0 o o o
* Corresponding to the carbon atoms at the oppséite of the aromatic ring.

References

1. C. Chizallet, G. Bonnard, E. Krebs, L. Bisson,TGomazeau and P. RaybauddPhys.
Chem. C2011,115 12135-12149.

2. B. A. De Moor, M. F. Reyniers and G. B. MariPthys. Chem. Chem. Phy2009,11,
2939-2958.






Appendix B 211

Appendix B

Supporting information for Chapter 3

Contents. Appendix B provides the equations of the sta@$tibhermodynamics that have
been used to calculate thermodynamic properties,tiaose used to calculate reaction rate
coefficients for Chapter 3. Furthermore, adsorpgeometries, kinetics and thermodynamic

parameters are shown, together with catalytic perdnces.
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Statistical thermodynamics

Quantum mechanics consider that oscillators haesidual motion even at the absolute zero
temperaturei.e., the zero-point vibrational energy (ZPVE).obtairassd
3N-6
ZPVE = * > hy, (B1)
2 i3
with N being the number of atoms in the systenthe vibrational frequencyy the Planck
constant, andI8-6 the degrees of vibrational freedom. The partifiamction Q is calculated
as the product of the electronic, vibrational, stational, and rotational contributions.
-Ei

Q= ZekBT = Oel Wlyip Whrans Wrot (B2)

|
For gas-phase molecules, the electronic partitiomction Qeec is usually the simplest to
compute, see eq. (B3), involving a sum over thetadaic states from the lowest ground state
up to the possible excited statédor typical singlet molecules, the degeneragy ¢f the
ground state is unity, and at temperatures belo®01R the excited states are usually

neglected because they are very high in energgrapared to the ground state.

-E
levels —

Qo = . gy L&’ (B3)
k

By convention, the ground state energy is defiretave an energy of zetotherefore, the
electronic partition functions is equal to o = 1) and the electronic contribution is
obtained by adding the electronic energy tolli@ K), as already discussed above.

The vibrational partition functiony, of a polyatomic molecule is obtained assuming that
sum of all individual energies associated with eabhational mode of the molecule results in
the total vibrational energy. To obtain this surhe tharmonic oscillator approach is
considered to calculate the different modeEhis can be obtained by expanding the energy as
function of the nuclear coordinates in a Tayloiesearound the equilibrium geometry. The
vibrational partition function of each of the 3Nr®des is calculated as:

3N 6 1
Qb = (B4)
izl 1- exr{ j
kgT
The contributions to the molar internal energy amalar entropy are obtained from:
Uyip = RTz(dln qv'b = (B5)

hv
k L] -
BE{ F{kBT }
3N6

S\/ib = RT(%) + RIn Qvib = (BG)

v ‘1 kgT hv } In[l ex;{_hviD
kgT
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For the molecular translational partition functioina gas-phase molecul@ans, it is assumed
that the molecule moves as a particle in a threedsional cubic boX, see eq. (B7).

3/2
2mkg T
Otrans = (h—;Bj v (B7)
With m being the molecular mass agg.s the partition function evaluated pt= 1 atm for
gas-phase species. This function depends on themeobecause particle in a box wave
functions cannot be normalized without choice ofotume.? The resulting contribution to
the internal energy and the molar entropy is adagrtb the following eq. (B8) and eq. (B9),
respectively.

3
=—RT B8

> (B8)

U trans

5
Strans =R [ﬁln Otrans * Ej (BQ)

The molecular rotational partition function for gasase molecules is calculated from eq.
(B10), wherely, Iy andl; are the principal moments of inertia of the thpe@cipal axes, and
o Is the external symmetry numberge., the number of pure rotations that yield

indistinguishable geometries.
3/2
NEMME (8n2kBT] (B10)

Orot = o h2

Evaluation of the rotational components of thenmaé energy and entropy using the partition
function gives:

Uyt = g RT (B11)
3
Srot = F{ln Urot + Ej (812)

Rate equations

The adsorption of hydrocarbon molecules (BHis considered to benolecular (non-
dissociate adsorption), and non-activated. Theratisa rate is expressed as

ladsghi = KagsPi€ (B13)

The adsorption of dihydrogen {g + 2* — 2H*) is considered to be dissociative and also
non-activated. A similar expression as for the bgdrbon molecules is used:

r.ads.diss = 2kads,dissp|6*2 (814)
With p; the pressure of the adsorbate in gas phas® ahe fraction free sites at the surface.
Adsorption rate coefficientgysare described with the Hertz-Knudsen flux as apco of the

incident molecular fluxf, and the sticking probability; which is approximated by the initial
sticking coefficient without activation, as showndq. (B15).

s[F _ S
P n.2mlnlkg [T

With 5 being the sticking coefficientp,the pressure in ban; the number of active sites per
m?, m the molecular mas&g the Boltzmann constant afidthe temperature. Desorption rate
coefficients are obtained using the thermodynamaguildrium coefficient, which is
calculated from the DFT adsorption enthalpies artcbpies, as shown in eq. (B16).

Kads = (B15)
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kads — kads
K % _Asads j (B 16)

exp( RT j[éxp( R

With R the universal gas constaahd4H,4s and4S,4sthe adsorption enthalpies and entropies
in kJ mol* and J mot K™, respectively, defined as the difference betwewn adsorbed
complex minus the (clean or covered) surface asepbpase species.

For thesurface reaction: BHH + H «— BHi.; + * , the net rate is defined as the difference
between the forward and the reverse rate:

kdes =

€q

et = Tfor ~ frev = I(foreBHieH - I(revHBHi+16* (B17)
According to the Arrhenius equations, the rate ficieht has been calculated as:
k = Aexp{_ Eaj (B18)
RT
Where the pre-exponential factdiis defined as:
b
A= kB—Teexp{ﬁj (B19)
h R
And the Arrhenius activation energy for hydrogeoatieactions, is calculated as:
(1) = RT2INK _ An* 4 RT (B20)

The standard reaction enthalpy and entropy as etitumof the temperaturdyH, andAS, is
obtained as:

prod react

AH(T) = Y viH = Y viH, (821)
i=1 i=1
prod react

AS (T) = > vS - Y vS (B22)
i=1 i=1

Reverse rate coefficients are calculated from thio rof forward and the equilibrium
coefficient:

_ kfor

I(rev - K—eq (B23)
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Results for the full reaction network at low hydrogen coverage

Table B 1: Kinetic and thermodynamic parameters ofeach elementary hydrogenation step in the full redion network with the PW91
functional at 450 K. Benzene adsorbs and reacts @hollow-hcp(0) site, and the values are relativeot®9,=0.11 andfg;=0.11 adsorbed in

different unit cells.

_ labe| . Ea(kJ mol*) A(sh k(9 AH (kI mol")  4,S(J mol'K™) Kec

Reaction forward reverse forward reverse forward reverse

B+*->B* a -96 -182 42 E+1
B+H >BH’ b 111 39 5.3E+14 5.46E+12 7.8E+01 1.7E+08 71.8 38.0 4.5 E-07
BH +H >13CHD c-1 85 28 6.4E+13 2.20E+12 8.8E+03 1.3E+09 57.3 28.1 6.5 E-06
BH +H >13DHB’ c-2 113 49 3.6E+14 1.30E+14 2.8E+01 2.5E+08 63.7 8.5 1.1 E-07
BH +H >14CHD c-3 118 41 8.7E+13 1.54E+13 1.8E+00 2.5E+08 76.6 14.4 7.2 E-09
13CHD +H >123THE d-1 94 67 3.6E+14 2.71E+12 4.4E+03 5.0E+04 27.3 40.7 8.9 E-02
13CHD +H >124THE d-2 107 40 4.2E+14 2.06E+13 1.7E+02 4.4E+08 66.4 25.0 3.9 E-07
13DHB+H >123THE d-3 90 69 1.6E+15 1.13E+12 5.9E+04 1.2E+04 21.0 60.2 5.1 E+00
13DHB +H >124THB d-4 94 34 7.8E+14 3.69E+12 8.7E+03 3.8E+08 60.0 44.5 2.3 E-05
13DHB +H >135THB d-5 126 46 7.2E+14 3.60E+13 1.6E+00 1.8E+08 80.6 24.9 8.9 E-09
14CHD +H >124THB d-6 83 36 5.5E+14 5.28E+12 1.1E+05 3.2E+08 47.1 38.6 3.6 E-04
123THB +H >CHE e-1 82 22 1.7E+14 6.24E+11 4.8E+04 1.6E+09 59.9 46.8 3.1 E-05
123THB+H >1235THB’ e-2 132 45 1.1E+14 8.34E+12 6.0E-02 4.6E+07 86.2 21.6 1.3 E-09
124THB +H >CHE e-3 86 65 7.9E+14 4.33E+11 7.6E+04 1.1E+04 20.8 62.5 7.0 E+00
124THB +H >1235THB’ e-4 102 55 1.1E+15 1.29E+13 1.5E+03 4.9E+06 47.1 37.3 3.0 E-04
123THB +H >1245THE e-5 100 40 1.2E+15 9.40E+12 3.1E+03 2.3E+08 60.2 40.5 1.3 E-05
135THB +H >1235THB’ e-6 97 74 3.4E+14 3.57E+11 1.7E+03 1.0E+03 23.9 56.9 1.6 E+00
CHE +H > C-hexyl f-1 78 47 1.8E+14 2.34E+13 1.8E+05 9.0E+07 31.0 17.1 2.0 E-03
1235THB +H >C-hexyl f-2 83 79 6.4E+14 3.92E+12 1.4E+05 3.0E+03 4.6 42.3 4.7 E+01
1245THB +H >C-hexyl f-3 96 102 1.0E+15 2.23E+13 7.9E+03 3.7E+01 5.7 32.0 2.2 E+02
C-hexyl +H >CHA’ g 70 61 2.2E+16 1.36E+12 1.7E+08 1.2E+05 9.1 80.6 1.4 E+03
CHA + * > CHA* h -13 -117 2.7 E-05
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Table B 2: Kinetic and thermodynamic parameters ofeach elementary hydrogenation step in the full redimn network with the PW91
functional at 450 K. Benzene adsorbs and reacts anbridge(30) site, and the values are relative t8,=0.11 and@g;=0.11 adsorbed in

different unit cells.

. label . Ea (K mol*) A(sh k(sh AH (kI mol")  4,S(J mol'K™) Kec

Reaction forward reverse forward reverse forward reverse

B +*-> B* a -113 -194 9.6 E+02
B+H >BH’ b 119 34 7.7E+14 3.7E+13 1.1E+01 4.2E+09 85.4 25.3 6 E2D9
BH +H >13CHD c-1 100 48 2.0E+15 4.7E+12 4.6E+03 1.4E+07 52.6 50.4 4 ED4
BH +H >13DHB’ c-2 115 46 3.0E+15 1.2E+13 1.2E+02 5.8E+07 69.6 45.9 1 ED6
BH +H >14CHD c-3 123 41 1.7E+15 3.0E+13 9.9E+00 4.9E+08 81.3 33.4 0 ED8
13CHD +H >123THE d-1 117 82 1.3E+14 1.4E+12 3.1E+00 4.0E+02 35.4 38.2 6 E703
13CHD +H >124THBE d-2 146 33 4.0E+14 6.1E+12 5.0E-03 9.8E+08 113.0 34.8 .1 ESL2
13DHB +H >123THE d-3 87 69 5.3E+14 3.1E+12 4.0E+04 3.2E+04 18.4 42.7 E3@
13DHB +H >124THB d-4 92 -4 2.3E+14 2.1E+12 5.2E+03 6.3E+12 95.9 39.3 ES1®
13DHB +H >135THB d-5 123 43 7.7E+13 5.6E+13 4.3E-01 6.1E+08 80.1 2.6 E619
14CHD +H >124THB d-6 101 17 1.8E+15 3.6E+12 3.1E+03 3.7E+10 84.2 51.8 5 ESD8
123THB +H >CHE e-1 82 32 1.4E+14 1.1E+12 4.0E+04 2.0E+08 50.1 40.4 E2a
123THB +H >1235THB" e-2 131 43 2.7E+14 15E+13 1.5E-01 1.3E+08 88.1 24.2 1 E109
124THB +H >CHE e-3 63 91 7.3E+14 3.8E+12 3.3E+07 1.1E+02 -27.4 43.7 9 E205
124THB +H >1235THB’ e-4 56 45 1.3E+15 4.6E+13 4.1E+08 2.5E+08 10.6 27.6 E1®
123THB +H >1245THE e-5 63 41 1.3E+15 2.5E+13 6.5E+07 4.2E+08 21.7 32.7 E103
135THB +H >1235THB’ e-6 90 53 6.7E+15 1.6E+12 2.3E+05 1.3E+06 37.6 69.4 E108
CHE +H >C-hexyl f-1 87 45 2.0E+15 3.1E+14 1.4E+05 2.0E+09 42.6 15.3 E7AD
1235THB +H >C-hexyl f-2 79 74 5.8E+14 6.6E+12 3.7E+05 1.8E+04 5.4 37.1 E20
1245THB +H >C-hexyl -3 96 102 1.0E+15 2.2E+13 7.9E+03 3.7E+01 5.7 32.0 2 E202
C-hexyl+H > CHA’ g 64 62 1.0E+15 1.8E+12 4.1E+07 1.3E+05 2.2 52.7 E302
CHA + * > CHA* h -18 -157 8.1 E-07
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Table B 3: Rate of production coefficient for the eactions in the dominant path at
different temperatures, and using the values relatie to 6,=0.11 and 0g;=0.11
adsorbed in different unit cells.

Reaction Xrop

350 K | 400 K| 450 K| 500 K
b 1.00 1.00 1.00 1.00
cl 0.86 0.83 0.81 0.80
c2 0.14 0.17 0.19 0.20
dl 0.86 0.83 0.81 0.80
d3 0.14 0.17 0.19 0.20
el 1.00 1.00 1.00 1.00
f1 1.00 1.00 1.00 1.00
g 1.00 1.00 1.00 1.00

Table B 4: Sensitivity coefficients for the reactios in the dominant path at different
temperatures, and using the values relative t®,=0.11 andg,;=0.11 adsorbed in
different unit cells.

Reaction Xea

350K | 450 K| 550 K
b 0.0 0.0 0.0
cl 0.0 0.0 0.0
dl 0.99 0.77 0.19
el 0.0 0.0 0.0
fl 0.01 0.23 0.79
g 0.0 0.0 0.02

Table B 5: Electronic barriers (kJ mol™) for the reactions in the dominant path
(b1,c1, and d1) and for the alternative reactionsyith the difference as compared to
the corresponding reaction in the dominant path irthe right column.

04=0.11 and)BHi=O.11 04=0.44 an(BBHi=O.11
PWO1 OptPBE-vdW OptPBE-vdW
Reaction Eaa | AEas | Eaa | AEga Eaa | AEas
kJ mol™ kJ mol™ kJ mol™

cl 85 0 97 0 62 0
c2 113 28 115 18 92 30
c3 117 32 120 23 93 31
di 94 0 95 0 81 0
d2 110 16 110 15 106 25
el 82 0 82 0 69 0
e2 131 49 131 49 103 34
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Figure B 1: Catalytic activity (mmolcua Kgeat* %) as a function of the temperature
for the full reaction network and the dominant path (dotted and full line,
respectively) fW/Fg® = 62.5 kg s mof; Fg° = 0.074 mol i Fi.° = 1.0 mol R, pg® =
6.7 x 107 bar; pu,° = 0.9 bar), using the values relative t®,=0.11 andg;=0.11
adsorbed in different unit cells.
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Figure B 2: Turnover frequency as a function of (ahydrogen and (b) benzene
partial pressure, at T = 450 K, and for a fixed (apg’ = 6.7 x 1F bar and (b) pi,° =
0.9 bar, and using the values relative t6,=0.11 and0g;=0.11 adsorbed in different
unit cells.
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Figure B 3: Side and top view of the adsorption geoetry of (a) 1,3-cyclohexadiene,
(b) 1,4-cyclohexadiene, (c) cyclohexene and (d) ltexane on a clean surface. Pd
atoms in the second layer are colored in grey forasier visualization



Appendix B 219

DFT results for the dominant path at increasingdy

Table B 6: Benzene, 1,3-cyclohexadiene, cyclohexeaara cyclohexane adsorption enthalpies and entropeor the adsorption on a clean
Pd(111) surface, and pre-covered with 0.11, 0.44&0.67 hydrogen, calculated with DFT calculations sing the optPBE-vdW functional,
and the corresponding values calculated with the P®A functional are shown between brackets.

AHage (kJ mol®) ASaJ mol* K7
Hydrogen coverage covering the surface Hydrogeemage pre-covering the surface
04=0 04=0.11 04=0.44 04=0.67 04=0 05=0.11 04=0.44 04=0.67
Dihydrogen (-125) -102  (-112)-102  (-88)-91 (=0 | (-191)-137 (-191)-137 (-138)-132 (-134)-135
Benzene (-96) —163 (-86) -155  (-66) -136 (-1)-y8-18%) -180 (-163)-178 (-188)-179 (-178)-145
1,3-cyclohexadiene (-117)-173 (-110)-169 (-9Bp- (-35)-100| (-197)-192 (-170)-198 (-191)-208-195)-191
Cyclohexene (-69) —109 (-62) —104 (-54) -97 (-B® | (-169)-170 (-144)-174 (-175)-175 (-183)-175
Cyclohexane (-15) -81 (-11) -81 (-13) -84 (-1) —78(-116) —126 (-97)-114  (-120)-112 (-120)-122
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Table B 7: Activation energy and pre-exponential fator (kJ mol™ and s', respectively) for the forward reactions of the dminant path

as a function of the hydrogen coverage coadsorbedtivthe hydrocarbon reactant, calculated with the RV91 functional.

E. (kJ mol®) A (s)

9H=O 6H=011 9H=044 6H=067 9H=O 6H=011 6H=044 6H=067
B* + H* <> BH* + * 109 99 96 73 891 8.210° 1.1 16° 1.5 16°
BH* + H* <> 1,3CHD* + * 85 76 58 54 641 1.11¢ 1.8 1¢° 1.1 16°
1,3CHD * + H*«> 1,2,3-THB* + * 94 87 81 84 361 7916 3.510° 1.6 13
1,2,3-THB* + H* <> CHE* + * 82 73 66 49 171 8.6103° 1.6 1¢° 2.310°
CHE* + H* « C-hexyl* + * 78 71 64 46 181 8713 5416 6.8 10°
C-hexyl* + H* -CHA* + * 70 62 52 22 2216 4.010° 2.6 10" 2.3 10°

Table B 8: Reaction enthalpy, reaction entropy (kJmol™ , kJ mol’K™) and equilibrium coefficient for the forward reactions of the

dominant path as a function of the hydrogen coveragcoadsorbed with the hydrocarbon reactant, calcuted with the PW91 functional.

AH, (kJ mol%) A4S (I mol'K™ Kec

6H=0 9H=011 6H=044 6H=067 9H=O 6H=011 9H=044 9H=067 9H=O 6H=011 9H=044 9H=067
B* + H* <> BH* + * 72 62 52 31 38 18 17 1 4410 61100 77100 2810
BH* + H* <> 1,3CHD* + * 57 48 17 6 28 14 18 2 6.590 1.410° 1.010" 2.710
1,3CHD * + H*«»> 1,2,3-THB* + * 27 21 8 -14 41 28 18 6 8.920 1.210* 9.7100 9514
1,2,3-THB* + H* <> CHE* + * 60 50 39 6 47 22 25 12 3170 21100 6.210° 9.710
CHE* + H* & C-hexyl* + * 28 21 23 -1 56 31 6 10 5310 1.610" 5.010 4.6
C-hexyl* + H* -CHA* + * 12 4 21 -58 41 46 79 59 5.3 78 3516 6.310
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Table B 9: Activation energy and pre-exponential fator (kJ mol™ and s', respectively) for the forward reactions of the dminant path
as a function of the hydrogen coverage coadsorbedtivthe hydrocarbon reactant, calculated with the @tPBE-vdW functional.

E. (kJ mol®) A (s)

9H=O 9H=011 9H=044 6H=067 6H=0 9H=011 6H=044 6H=067
B* + H* <> BH* + * 110 103 08 70 761 6910° 3416° 1.010°
BH* + H* «» 1,3CHD* + * 97 91 60 54 141 1318 1216 211¢F
1,3CHD * + H* <> 1,2,3-THB* + * 95 91 84 54 251 4813° 1316 1.716°
1,2,3-THB* + H* «» CHE* + * 81 75 67 47 2110 6.410° 15163 1.116°
CHE* + H* <> C-hexyl* + * 81 77 70 51 2416 3610° 3516° 7.810°
C-hexyl* + H* >CHA* + * 71 69 57 25 4816 3710° 38163° 151d°

Table B 10: Reaction enthalpy, reaction entropy (kdnol™ , kJ mol’K™) and equilibrium coefficient for the forward reactions of the dominant
path as a function of the hydrogen coverage coaddmrd with the hydrocarbon reactant, calculated withthe optPBE-vdW functional.

AH, (kJ mol®) A4S (I mol'K™ Kec

0,=0 0,=0.11 60,=0.44 04,=0.67 | 0,=0 60,=0.11 60,=0.44 60,=0.67 | 0,=0 0,=0.11 60,=0.44 0,=0.67
B* + H* <> BH* + * 62 55 45 27 0 -1 -2 -26 9.010 6.310° 4810° 3510
BH* + H* <> 1,3CHD* + * 49 43 9 -2 14 14 0 14 6.810 5.810° 9.010 10.0
1,3CHD * + H*«»> 1,2,3-THB* + * 21 17 4 -19 6 12 22 13 7.4%0 4.310° 4.6 786
1,2,3-THB* + H* <> CHE* + * 50 43 32 -3 22 12 19 4 2270 3910° 1.910° 4.0
CHE* + H* & C-hexyl* + * 23 19 16 -8 0 4 -1 10 2390 1.110¢ 1.210° 29.5
C-hexyl* + H* ->CHA* + * 2 0 —-20 -58 34 32 48 29 33 51 6.210 2.116
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Values used to construct the microkinetic model

Table B 11: 1,3-cyclohexadiene, cyclohexene and jtexane adsorption enthalpies and entropies on dean Pd(111) surface, and pre-
covered with 0.11, 0.44 and 0.67 hydrogen calculateused in the coverage-dependent microkinetic modellhe values have been
calculated with the optPBE-vdW functional, and adaped to match experimental equilibrium coefficient fom NIST coefficients.

AHage (kJ mol?)

ASug(d mol* K™

Hydrogen coverage covering the surface

Hydrogeemage pre-covering the surface

04=0 0,=0.11 0,=0.67 04=0 04=0.11 0,=0.44 0,=0.67
1,3-cyclohexadiene -189 -185 -116 -200 -198
Cyclohexene -125 -121 -83 -177 -182
Cyclohexane -95 -92 -126 -122

Table B 12: Adsorption enthalpies and entropies (kdnol* and J mol* K™, respectively) for8,=0.11 hydrogen adsorption on a covered
surface with the product of each elementary reactio step in the dominant path BH; + 6, fina + 01 <> BH; + 04 initia)-

AHads,l— (kJ m0]1) ASads,l— (J mOIlK_l)
Ounitial = 0.11  Opinitiar = 0.44  Opjinitiar = 0.67 | Oninitiar = 0.11  Opyinitiar = 0.44  Opjinitiar = 0.67
BH; + 0y final + 01 < BHy + Oy jnitia -54 -23 -19 -68 -61 -73
BH; + 0y fina + 64 <> BHy + 0 jinitia -56 -44 -26 -74 -71 -70
BH3 + 64 fina + 61 <> BH3 + O initia -53 -48 -24 -58 -76 -71
BHy + 64 fina + 61 <= BHy4 + O initia -56 -47 -34 -72 -68 -62
BHs + 0y fina + 64 <> BHs + 0 jintia -57 -54 -22 -66 -73 -65
BHs + 04 final + 01 <> BHg + O initial -60 -53 -45 -56 -58 -68
Average value used forthdsorption -112 -90 -57 -131 -136 137
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Table B 13: Coefficients used in the coverage-depgent model to perform
regression of the adsorption enthalpy and entropyof the different species to a third-
order polynomial as a function of the total coverag 0yga;.

- 3 7
Eads = @rota +00tota +CBotatd

- 3 Vi
Su= Drota” +O1otai +Biotatd

a b c d a b c d
Hydrogen 219 -204 121 -131| 240 -358 150 -150
Benzene 559 -517 193 -165| 431 -399 103 -187
1,3-cyclohexadiene 401 -319 109 -198| 77 8 -59 -193
Cyclohexene 352 -350 125 -135] -77 126 -65 -171
Cyclohexane 126 -128 30 -97| 237 -456 244 -148

Table B 14: Coefficients used in the coverage-dep#gent model to perform
regression of the activation energy and entropy fothe six forward hydrogenation
steps to a third-order polynomial as a function othe total coveragedoa;.

Eaf = 69tota\3+betota\z"'Cetota\"‘d AxSr: aﬂtota\3+betota\2+cetota\+d
a b c d a b c d
B* + H* <> BH* + * -465 532 -205 127 -44 18 -10 10
BH* + H* « 1,3CHD* + * 308 -354 32 98| 52 -34 -2 -4
1,3CHD *+ H* <~ 1,2,3-THB* + * -358 357 -125 105 47 -98 78 -8
1,2,3-THB* + H*«<> CHE* + * -298 347 -150 94| -473 675 -274 21
CHE* + H* & C-hexyl* + * -231 246 -101 90| 184 -231 91 -8
C-hexyl* + H* -CHA* + * -238 184 -64 76| -165 193 -71 11

Table B 15: Coefficients used in the coverage-depgent model to perform
regression of the activation energy and entropy fothe six reverse hydrogenation
steps to a third-order polynomial as a function othe total coveragedo

Ear = aetota\3+betota\2+cetota\+d A*S= 66tota3"‘bGtota\Z"‘('J'Gtota\"‘d
a b c d a b c d
B* + H* < BH* + * -199 208 -52 51| 248 -251 62 5
BH* + H* <> 1,3CHD* + * 21 -2 -1 48| -328 374 -96 -13
1,3CHD *+ H*«» 1,2,3-THB*+* -196 217 -55 78| 170 -165 40 -9
1,2,3-THB* + H* <> CHE* + * 109 72 14 31| 140 -123 29 -25
CHE* + H* <> C-hexyl* + * 142 -156 39 56| -128 143 -36 2
C-hexyl* + H* «>CHA* + * -69 114 -32 71| 412 -473 121 -37
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Appendix C

Supporting information for Chapter 4

Contents. Appendix C includes adsorption geometries for lkeezon both Pd(100) and
Pd(110) surfaces, together with vibrational freques and density of states. All figures and

tables correspond to Chapter 4.
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a)
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Figure C 1: Top (left) and side (right) views of tle unit cells used to investigate
medium and saturation coverage of benzene on Pd(100.e. the a) (2/2x2V2)R45°
and b) (2x2). Only Pd atoms in the top layer are dored blue for easier

visualization.

Figure C 2: Top (left) and side (right) views of tle unit cells used to investigate
medium and saturation coverage of benzene on Pd(1)l0.e. the (a) p(4x2) and (b)
c(4x2) surface overlayers. Only Pd atoms in the tolayer are colored blue for easier

visualization.



Appendix C 227

217 (Co)<= = -~ 220 =5 218(Cs)

a) g ,
b) : v 217(C3)
1 219‘355)
218 (C6)< = = —,
215
[01]

[011]

1

14
YZZ/ 240

Figure C 3: Geometrical characteristics of benzenadsorbed at the hollowA site on

Pd(100) at (a) medium and (b) saturation coverage§.he left panels show the top

view of the unit cell used. Middle panels depict th front view of benzene adsorbed
on the active site, and C-Pd bonds are indicated ipm. Right panels show the top

view of the benzene adsorbed on the active site tvithe C-C bond lengths (pm) and

C-H angles (°). At saturation coverage (bottom pans) there are two benzene
molecules on the same unit cell, therefore, distaes and angles for the second
benzene molecule are given in case they differ frothose for the molecule shown.
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227 =
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Figure C 4: Geometrical characteristics of benzenadsorbed at the hollowB site on
Pd(100) at a) medium and b) saturation coverage. Enleft panels show the top view
of the unit cell used. Middle panels depict the frot view of benzene adsorbed on the
active site, and C-Pd bonds are indicated in pm. Bht panels show the top view of
the benzene adsorbed on the active site with the C-bond lengths (pm) and C-H

angles (°).
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Table C 1: Vibrational modes, with the correspondimy frequency in cni', identified for the hollowA and hollowB adsorption sites of
benzene on Pd(100) at medium and saturation coveragand compared to the experimental HREELS valuef saturation coverage at

300 K reported by Waddill et al.*

Vibrational mode Vibrational frequency, cm™

HollowA HollowB
Medium Saturation Medium Saturation Exp. !
vCM 303, 327 290 337 254, 370 280 and 435
dCC 472, 557 448, 589 460, 563 448, 587 m—-
vCH, out-of-plane 709, 860 721, 927 720, 927 715, 837 720 and 870
3CH, in-plane 1109 1176 1118 1157 1115
vCC 1418 1442 1454 1320, 1520 1320 ¢CC) and 14253CC)
vCH 3096 3079, 3371 3096 3002, 3220 3010

Table C 2: Bond lengths (pm) and angles (°) for ehdifferent adsorption sites of benzene on Pd(108) medium coverage.

dec dnc.pg doc.pg dc-n Ogenzene-1stPd CIlst—2nd—PdIayer C-C-C C-C-H

pm pm pm pm pm pm © ©)
HollowA 143/145 217-220 109 213 199 119-121 14-24
HollowB 142/145 227-231| 215 108-109 212 201 119-12118-23
BridgeA 143 221-242 109 229 198 120 9-13
BridgeB 142-143 222-265 109-110 215 198 12( 9-15
BridgeC 142-144 222-244 109-110 215 198 120-121 131;
Top 142-145 264-279 109-110 208 198 119-122 12417
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DOS projected on benzene adsorbed
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Figure C 5: Comparison of the DOS projected on bemne adsorbed and total DOS
(top and bottom resp.) between the results from PWB and vdw-DF approaches
(purple and blue lines).
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Figure C 6: Molecular orbitals of gas phase benzene
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Table C 3: Calculated energies of molecular eigerstes of benzene in gas phase,
adsorbed at the hollowA and hollowB sites on Pd(10Gt medium and saturation
coverage. Energies are related to the vacuum level.

Medium coverage Saturation coverage
Orbital Benzene gas  hollowA hollowB hollowA’ holldv
leg (M) -6.0 -8.8 -8.9 -8.8 -8.7
3ey -8.0 -9.0 -9.0 -9.0 -89
lap, (M) -8.38 -10.7 -11.0 —-10.7 —-10.4
3ew -10.0 -11.5 -10.9 —-10.6 —-10.8
1y, —10.6 -11.7 -11.5 -11.2 —-11.6
2by, -11.0 -12.4 -12.0 -11.7 -12.2
3ay -12.6 -13.8 -13.3 -13.0 -13.4
26y, -14.6 -16.1 -16.3 -15.6 —-15.8
3ew —-18.3 -19.2 -19.4 -19.2 -19.2
2a, -21.1 -22.4 -22.2 -21.9 -22.0

a) dxz_"dyz

-22 -20 -18

b) d,

—— A\

-22 -20 -18 -16 -14 -12 -10 -8 -6 -4 -2 0 2
E'Evacuum’ ev

Clean active site Covered active site

Figure C 7: DOS projected on the ¢+d,, (a window) and on the ¢ (b window) of
the Pd(100) atoms at the bare and hollowA coveredctive site (red and blue lines
resp.).
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hollowA hollowB
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Figure C 8: a) DOS projected on the+p, orbitals of all carbon atoms of benzene. b)
DOS projected on thep, orbitals of all carbon atoms of benzene. c) DOS pjected

on thes orbitals of all hydrogen atoms of benzene. All emgies are related to the
vacuum level and the Fermi level is indicated in dted lines for the three plots. The
dotted black lines represent the gas phase orbitgle/hile the full blue and grey lines
correspond to the medium and saturation coverage oRd(100).
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Figure C 9: Adsorption geometries of the a) hollow), b) hollow(15) and c)

hollow(30) adsorbates on Pd(110) at medium and sattion coverage (resp. p(4x2)
and c(4x2) overlayers). From left to right: top viev of benzene adsorbed on the
corresponding unit cell, side view of the adsorptio on the active site with indication

of C-Pd bond lengths (pm) and C-H bonds angles rdiae to the C-plane (°), and top

view of the active site with C-C bond lengths indiated (pm). Only Pd atoms in the
top layer are colored blue for easier interpretatia.
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Table C 4: Vibrational modes, with the correspondiy frequency in cni', identified for the adsorption sites of benzene o#®d(110)
compared to the experimental specular HREELS valueat 300 K reported by Fujisawa et af.

Vibrational frequency, cm™

Vibrational mode Hollow(0) Hollow(15) Hollow(30)

Medium Saturation Medium Saturation Medium Saturation Exp. ?
vCM 324, 418 327, 412 317, 414 412 403 400 350, ~460
3CC 562 558 557 562 563
yCH, out-of-plane 637, 746,861 618, 734,873 647,740,818 673, 806, 890 681, 832 684, 873 705 (flat), 745 (tilted), 890
8CH, in-plane 1124, 1319 1097, 1321 1117, 1293 1109, 1295 11297 1 1109 ~1150
vCC 1423 1412 1455 1466 1448 1400 1340, 1460, ~1580
vCH 3102 3097 3001 3090 3095 3096 3050

" Mixure of yCH (out-of-plane) andCC (ring deformation) from the visualization of tmede, in agreement with
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HollowQ° Hollow15° Hollow30°
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Figure C 10: a) DOS projected on the p-p, orbitals of all carbon atoms of benzene. b) DOS pjected on the p orbitals of all carbon
atoms of benzene. c) DOS projected on the s orbitabf all hydrogen atoms of benzene, for the hollo®Qhollow15° and hollow30°
adsorption sites from left to right. All energies &e related to the vacuum level. The dotted black ies represent the gas phase orbitals,
while the full blue and grey lines correspond to th medium and saturation coverage of benzene on Pd().
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Table C 5: Calculated energies of molecular eigeraes of benzene in gas phase,
adsorbed at the hollow(0) site on Pd(110) at mediurand saturation coveragej.e.
p(4x2) and c(4x2) surface overlayers. Energies arelated to the vacuum level.

Hollow(0)

Orbital Benzene gas p(4x2) c(4x2)
leg(m) -6.0 -8.6 -8.3
3exy -8.0 -8.9 -8.7
lap,(m) -—8.8 -10.5 -10.3
3ew -10.0 -10.7 -10.6
1by, - 10.6 -11.4 -11.3
2by, -11.0 -12.0 -11.9
3ayg —-12.6 -13.2 -13.1
26y -14.6 -15.6 -15.4
2ey, -18.3 -19.1 -18.9
2ayg -21.1 -21.6 -21.4

a) dxz"'dyz

T

-22 -20 -18 -16 -14 -12 -10 -8 -6 -4

'
Nd N Ww D> OO N ©
| | I | | I |

b) dzZ

22 20 -18 -16 -14 -12 10 -8 6 -4 2 0 2
E'Evacuum’ eV
Clean active site Covered active site

Figure C 11: DOS projected on the g+d,, (a window) and on the ¢, (b window) of
the Pd(110) atoms at the bare and hollow(0) covereattive site (red and blue lines
resp.)
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Appendix D

Supporting information for Chapter 5

Contents. Appendix D includes segregation energies for tauated bimetallic catalysts,
together with a description of the adsorption afboa, correlations between benzene and
carbon adsorption energies, the methodology appiiestudy the reactivity of the different

catalysts, and finally the approach to implemeatdhserved trends in a microkinetic model.
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Segregation energies

Table D 1: (Anti)segregation energies for the diffieent bimetallic bulk alloys
evaluated for the clean surface and covered with beene. Initially the most stable
state is shown for the clean surface in the left aomn, with the corresponding
segregation energy. The segregation energy with besne adsorbed is also listed,
indicating if a change in the segregation state expected.

Pds;M,
non-segregated

AEZE (13 mol?)

AEZS g (kJ mol?)

Restructured with Bis

Pa&sTi 72.8 No
PaCr 167.5 No
PdMn 13.3 90 No
PasZr 191.2 No
Pa;Hf 207.6 No
Pad;Pt -0.4 -3 No
. .

Zg;l;/le,gregated AEgntiseg (kJ mol?) AE:ﬁ{T’seg (kJ mol?) Restructured with Bis
PaV -31.0 No
PdsFe -22.5 -70.2 No
P&Co -53.4 No
PN -25.7 -80.2 No
PdNb -35.9 No
PdMo -142.5 No
PdsTc -149.5 No
PdRu -113.7 No
Pa&Rh -42.4 No
PdTa -32.9 No
PdW -213.0 No
Pd&Re -239.7 No
Pd&Os -151.0 No
Paslr -73.0 No

. 1 .
géi?:égregated AEgntiseg (kJ mol?) AEgr?t?seg (kJ morY) Restructured with Bs
NisCr -75.9 No
NisCo -23.2 -100.2 No
NizRu -11.9 -198.2 No
NisRe -147.5 No
NizOs -101.2 No
NigM, AE g (kJ mof®) Eads (kJ molY) Restructured with Bis
partially segregated
NizRh -11.9 -17.2 No
NizPd -30.2 -65.5 No
Nislr -0.2 +25.5 Yes, non-segregate
NisPt -16.0 +4.5 Yes, non-segregate
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Carbon adsorption on the different alloys

Figure D 1: Adsorption sites for carbon on non-segrgated bimetallic alloys.

Table D 2: Adsorption energies (kJ mal) of carbon on different adsorption sites on
PdsPt and P&Cr non-segregated catalysts, and the values for th®vo most stable
sites on other non-segregated alloys. The adsorpticites are represented in Figure

D 1.
Pd;Pt PdCr 3Pd-fccM 2PdM-fccPd
3Pd-hcpM -627.8 -328.3| Pd;Ti -493.6 -542.3
2PdM-hcpPd -669.0 -581.9| PdCr -609.1 -609.0
3Pd-fccM -635.3 -609.1| Pd;Mn -642.5 -388.9
2PdM-fccPd -666.1 -609.0| Pd:Zr -462.5 -512.6
PdHf -457.2 -508.7
PdPt -609.1 -609.0
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Figure D 2: Adsorption sites for carbon on antisegegated bimetallic alloys

Table D 3: Adsorption energies (kJ mol) of carbon on different adsorption sites on
Pd;Rh antisegregated catalyst, and the values for thenost stable site on other
antisegregated alloys. The adsorption sites are regsented in Figure D 2.

Sites AE 4 (kJ mol?)
PdRh Antisegregated alloys hcpM  hcpPd

hcpM -636.7 PV -547.1 -552.6

hcpPd -632.1 Pé&e -5685.8 -587.7

fcc-M,Pd-M -625.6 P¢Co -598.7 -597.7

fcc-MPd,-Pd -622.4 PNi -612.2 -610.6

fcc-M,Pd-Pd -629.3 Rilb -546.7 -554.7
PdMo -561.4 -585.5
PdTc -582.6 -602.8
PdRu -606.9 -617.8
PdRh -636.7 -632.1
PdTa -5279 -544.1
PaW -5425 -572.8
PdRe -555.9 -591.0
PdOs -567.8 -589.0
Pglr -614.5 -630.1
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Figure D 3: Adsorption sites for carbon on partially segregated bimetallic alloys.

Table D 4: Adsorption energies (kJ mol) of carbon on different adsorption sites on
Pd;Rh antisegregated catalyst, and the values for thenost stable site on other
antisegregated alloys. The adsorption sites are regsented in Figure D 3.

. AEqqs (kJ molY)  Alloys AE s (kJ mol®)
Partially segregated NiPd SMNi-feeM
2NiM-fccNi -619.3 NiRh -622.6
2MNi-fccNi -586.8 NiPd -606.8
2MNi-fccM -620.6
2NiM-hcpNi -606.8
2MNi-hcpNi -560.7 1 1

. AEs (kI mol™)  Alloys AEqgs (kI mol”)
Antisegregated Ni-Cr hcpNi
hcpM -609.6 NiCr -656.7
hcpNi -656.7 NiCo -692.3
fcc-MoNi-M -645.7 N&Ru -694.2
fcc-MNi,-Ni -631.5 NiRe -679.5
fcc-M,Ni-Ni -645.2 NiOs -694.2 1
. AEgs (kJ mol”)
Non-segregated Alloys SNiM-fceNi
Niglr -693.4
NigPt -660.4
* Corresponding to alloys that show partial segtiegeof the clean surface and
non-segregation with benzene adsorbed. Only therpiitsn on the most stable
adsorption site obtained for M non-segregated alloys has been studied.
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Correlation between benzene and carbon adsorption
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Figure D 4: Correlation for benzene and carbon adaption energy considering
PdsM and NizM (a) antisegregated and (b) non-segregated alloggparately.

Reactivity of the different catalysts for benzene

hydrogenation

Due to the large number of adsorption sites andetaliic catalyst, the reactivity of the
different alloys is evaluated only for the firstdmggenation step. In turn, various carbon
atoms of benzene can be, most of the times, hydedgd on each adsorption site. The
barriers for different carbon atoms cannot be eaeld for every bimetallic catalysts. On
antisegregated alloys, four types of carbon atorasf@nd in the most stable HYhcp-M-
PdM/fcc-PdM-M site. Two are bound to the same surface metaha through ar-type
interaction; the first closer to an fcc site beltve adsorbate (cl in Figure D 5), and the
second closer to the hcp site (c2). The other typeg of carbon are involved incatype
interaction with a single metal surface atom: tinst fis closer to the fcc site (c3), and the
second closer to the hcp site (c3). The barrietaindéd for hydrogenation of each carbon
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atoms on Pg¢Rh are listed in Figure D 5. For the other antisggted catalysts, only
hydrogenation of the c1 carbon type is studied.

Figure D 5: Different types of carbon atoms in benene adsorbed at the bfi’/hcp-M-

Table D 5: Activation barrier for hydrogenation of the different carbon atoms in
benzene adsorbed at the bif/hcp-M-Pd,M/fcc-Pd,M-M site of the PdRh

antisegregated catalyst.

PdsM, non-segregated | Eaq (kJ mol™) for Pd;Rh
cl 106
c2 110
c3 120
c4 115

For partially segregated catalysts, the most stati&rption site is the Nbri*/hcp-Ni/fcc-

Ni, which has four carbon atoms bound to Ni with-&ype interactions, and two carbon
atoms inc-type interactions with M. For MNpd, hydrogenation of the first type of carbon
atoms yields lower barriers than hydrogenatiorhobe ors-type interactions by 24 kJ mbl

On non-segregated catalysts, only the hydrogenatibrthe carbon atoms im-type
interactions have been studied, and two type diaaatoms are found: the first one is bound
to Pd for PeM and Ni for NgM alloys, while the second is bound to M atoms. fggnation

of the atoms bound to M atoms resulted in barfiener by ~ 12 kJ mdl, e.g. for PgCr the
hydrogenation of the first type yields a barrier 1&5 kJ mof and hydrogenation of the
carbon atom in a C-M bond vyields 112 kJ thol
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Table D 6: Activation barriers (kJ mol™) for the first hydrogenation of benzene to
monohydrobenzene on the most stable adsorption sitef benzene on the different
bimetallic surfaces.

Pd;M, non-segregated | E.q (kJ mol™)
PcTi 92
P&Cr 112
Pd&Mn 114
PdPt 115
Pd;M, antisegregated

PdFe 109
Pd;Co 100
PckNi 106
PdMo 95
PcRh 106
PdTa 100
PcklIr 106
NizM, anti-segregated

NisCr 105
NizCo 116
NisRu 121
NisRe 118
NizOs 126
NisM, segregated

NisPd 101
Nislr 115
NisPt 105

Implementation of catalyst descriptors on a kinetianodel

In a previous study, a coverage-dependent micrakimeodel has been constructed for the
dominant path of benzene hydrogenation on Pd(1Thg kinetic and thermodynamic
parameters obtained solving the model on Pd(11T)=a#50 K, WFg’ = 62.5 kga s mol?,
Fg’=2.1 x 10°mol s*, Fy’ = 2.8 x 10° mol s?, pe’ = 6.7 x 1 bar, p° = 0.9 bar, are listed
in Table D 7, and correspond to the values foree@ge of occupied sites @fcc =1 —0Ofee =
0.82.
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Table D 7: Coverage-dependent parameters on Pd(1laptained at@, =1 —0gee =
0.82 calculated afT = 450 K, W/Fg® = 62.5 kgy s mol*, Fg’=2.1 x 10° mol s*, Fy,° =
2.8 x 10" mol s?, ps° = 6.7 x 1 bar, py,° = 0.9 bar.

Coverage-dependent parameters Value on Pd(183) at0.82
Al,forward(s_l) 7.2 x 10°
Al,reverse(s-l) 4.8 x 164
A2,forward(5_l) 2.7 x 16°
Ea1 forward(kKJ morl) 58.6
Eat reverse(KJ mOIl) 38.3
Ea2 forward(KJ morl) 56.4
AHags Benzene (KJ mOIl) -57.9
A Suds Benzene (J mol* K_l) -132.4
AHagshz (k3 Mol —47.0
ASastz (I mol” K™ —-134.8

For bimetallic catalysts, a rate determining steyeh for the second hydrogenation step has
been considered to calculate turnover frequenociebenzene hydrogenation (TOF if)s

k (K, (Kg Opg [(Ky» O
TOF = ~2forward %1 B Ps LKy 2sz E{l— chg J 1)
(1+ Kg Opg YKy Dsz) Ps UPH 2

The catalyst descriptor is implemented in this nhddepredict catalyst performances for a
broad range of catalyst descriptor values and icacbnditions. The catalyst descriptor is the
adsorption energy of benzene on a bimetallic akdgtive to that on Pd(111).
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A

H (kJ mol1)

3AH g6 12 pa(111)

‘ ZHads,B.Pd(lll) ' \
3AHads,H2.X3M = 3AHads,H2.Pd(111)+ 3AAEad5,H2 N\ [} * o -
‘ ' —A—-—-'
\
' AH 1 pgiaay)

Eapxam= Eappaiian) + MAAE 45

AHads,B,X3M = AHads,B.Pd 111)+ AAEads,B

ArHl,X?:M = ArHl,Pd(lll) - 1/6 AAEads,B - 1/2 AAEads,HZ

Reaction coordinate

>

Figure D 6 Enthalpy diagram for the dominant path d benzene hydrogenation on Pd(111) (dotted line) dron a bimetallic catalyst (full
line). Variation of the adsorption of benzene andtfiree) dihydrogen molecules from Pd(111) to anothecatalysts is corrected adapting
the equilibrium coefficients of the hydrogenation &ps.
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Figure D 7 Adsorption energy of dihydrogen as a fuction of benzene adsorption
energy (kJ molY).
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Figure D 8: Variation of the (a) adsorption energyof hydrogen and (b) activation
barrier for the first hydrogenation step, relative to those on Pd(111), as a function of
the variation of benzene adsorption energy, relat to that on Pd(111).
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Glossary

Ab initio

Active site

Adsorption

Arrhenius activation energy
Arrhenius equation

Arrhenius pre-exponential factor
Bond dissociation energy

Catalysis

Catalyst

Catalyst descriptor

Latin term for “from first principles”. In this work,
it is referred to those theoretical methods based on
guantum chemistry that determine the energy of a
systems, consisting of electrons and nuclei, based
on the Schrodinger equation. Strictly speaking, no
parameters other than the fundamental constant, e.g.
Planck’s constant, are used by ab initio methods.

Ensemble of (catalyst) atoms where molecules bind
and where these effectively combine to form the
reaction product of a particular heterogeneous
catalytic reaction.

An increase in the concentration of a gas or
dissolved substance at the interface of a condensed
and a liquid phase due to the operation of surface
forces.

The parameter E, characterizing the exponential
temperature dependence of the rate coefficient k =
A exp(-E4/RT).

See Arrhenius activation energy.

Coefficient A in front of the exponential term of the
rate constant k = A e F/RT,

The bond dissociation energy (BDE) is the enthalpy
change when cleaving a bond by homolysis.

The action of a catalyst.

Substance that changes the rate of a reaction,
without modifying the overall standard Gibbs
energy change. This substance is regenerated in the
course of a catalytic reaction.

Property of a catalysts that correlates with the
difference in activity from one catalyst to the next.
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Chemical reaction

Coverage dependence

Density functional theory

Elementary reaction step

Enthalpy

Entropy

Gibbs free energy

Hydrogenation

Langmuir-Hinshelwood mechanism

Mechanism

Microkinetic analysis

Periodic boundary conditions

Quasi-steady-state approximation

(QSSA)

Rate-determining step

A process that results in the interconversion of
chemical species.

Relation between the rate coefficient of an
elementary reaction step and the surface coverage
of the catalyst.

Electronic structure theory that considers the energy
to be a functional of the three—dimensional many—
electron density.

A chemical reaction in which one or more species
react to products in a single step, passing through a
single transition state, consisting of forward and
reverse elementary reactions.

Thermodynamic quantity that is calculated from the
internal energy U as H = U + pV, in which p is the
pressure and V is the volume.

Thermodynamic quantity that measures the disorder
of a system.

Thermodynamic quantity that is calculated as G = H
— TS with H the enthalpy, T the temperature and S
the entropy.

To chemically combine an unsaturated compound
with hydrogen.

A mechanism for surface catalysis in which the
reaction occurs between species that are adsorbed
on the surface.

Step by step sequence of elementary reactions by
which an overall reaction occurs.

Examination of a catalytic reaction in terms of the
elementary reaction steps that occur on the catalyst
surface and their relation with each other during a
catalytic cycle.

A set of boundary conditions which are often
chosen for approximating a large (infinite) system
by using a small part called a unit cell.

Model simplification in which the rate of
production of an intermediate is approximately
equal to the rate of its generation.

If, in a reaction consisting of n steps, (n — 1) steps
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Rate of production analysis

Reactant

Reaction barrier

Sensitivity analysis

Standard state

Surface coverage

Surface Gibbs free energy

Thermodynamic phase diagram

Transition state

Transition state theory

Turnover frequency

Van der Waals interactions

have fast rate parameters and the n-th step has rate
parameters that are much smaller than the others,
the observed kinetic dependence is governed by the
small parameters of the n-th step.

Method to determine the paths through which a
reaction, with multiple paths, proceeds. This
method compares the net rate of the elementary
reaction steps with that of the global reaction.

A substance that is consumed in the course of a
chemical reaction.

The energy barrier to chemical reaction.

Method to quantify the importance of elementary
reaction steps on the global catalytic turnover
frequency. It gives an estimation of the reactions
with the a large influence on the global rate.

State chosen for reference as convection. For a gas
phase, it is the (hypothetical) state of the pure
substance in the gaseous phase at the standard
pressure p = p°, assuming ideal behavior.

Number of adsorbed molecules or atoms on a
catalytic surface divided by the number of active
sites.

Reversible work required to create a surface from
the bulk and the adsorbate in gas phase.

Graphical representation of the most stable (lowest
surface Gibbs free energy) coverage of the catalysts
surface catalysts surface in thermodynamic
equilibrium with a surrounding gas phase reservoir
as a function of temperature and pressure.

The configuration of highest potential energy along
the path of lowest energy between reactants and
products.

A theory of the rates of elementary reactions which
assumes a special type of equilibrium, having an
equilibrium constant K, to exist between reactants
and activated complexes.

Number of molecules reacting per active site per
unit time.

Dispersion forces between temporally polarized
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Zero-point vibrational energy

species, resulting in a stabilizing interaction.

Energy of the ground vibrational state. All quantum
mechanical systems undergo fluctuations even in
their ground state and have an associated zero-point
vibrational energy.
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