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ABSTRACT

A first principles assessment of semi-empiricabtiehs to predict chemical reactivity at
different surfaces has been performed by meanswbdgic planewave Density Functional
Theory (DFT) calculations. In particular Unity Bomadex-Quadratic Exponential Potential
(UBI-QEP) and Brgnsted-Evans-Polanyi (BEP)-typatrehs to predict structure sensitivity
in heterogeneous catalytic reactions has beenseskdxy the analysis of three dissociation
reactions of CO, CH and GHon three low index surfaces (100), (110) and (1The
analysis has been performed according to a thestlyelory comparison. In particular, at the
first principles level, Climbing-Image-Nudged-ElasBand (CI-NEB) method using periodic
DFT with PBE exchange and correlation functionasemployed for the calculation of
activation energies of different dissociation reaw which have been analyzed in terms of
BEP and UBI-QEP methods.

The results of this work reveal that BEP relatishjch is a two parameter model, is able to
relate activation energies on different surfacesreans of thermochemical parameters and
information on transition state of the investigatéass of reaction. Instead, UBI-QEP method
shows a applicability range more limited than BEf #his can be related to the quadratic

potential used in the method.

All in all, these relations can be used for a fiestimation of the activation energy of a
reaction at different surfaces only by means of taéculation of the thermochemical
properties of reactants and products at a constitaimcertainty with respect to explicit first-
principles calculations. This will be of direct user the application of the hierarchical
multiscale methodology to the development of stmectdependent microkinetic models in

heterogeneous catalysis.



SOMMARIO

Una valutazione “first-principles” di relazioni seampiriche per predire la reattivita chimica
su diverse superfici e stata condotta all'internqueesto lavoro di tesi con l'utilizzo di calcoli
periodici a onde piane di Density Functional ThedBFT). In particolare sono state
sviluppate relazioni del tipo “Unity Bond Index-Qiratic Exponential Potential” (UBI-QEP)

e Brgnsted-Evans-Polanyi (BEP) per prevedere laithdta strutturale di reazioni di catalisi
eterogenea. La valutazione dei due modelli semieon@i € concentrata su tre reazioni di
dissociazione di CO, CH e GHui tre piani prevalenti (100), (110) e (111) pkuticolare, a

livello di principi primi, sono impiegati metodi ENEB che sfruttano la DFT con funzionali
di correlazione e scambio PBE per il calcolo dirgieedi attivazione di differenti reazioni di

dissociazione le quali sono state interpretatersiro metodi BEP e UBI-QEP.

| risultati di questo lavoro rivelano che la rel@e BEP, che € un modello a due parametri, &
in grado di prevedere l'energia di attivazione Suerbe superfici attraverso parametri
termochimici e il carattere dello stato di transie della classe di reazione analizzata. Invece,
il metodo UBI-QEP e meno predittivo rispetto a BEByuto al fatto che la presenze di un
potenziale quadratico € intrinseco al metodo. d§ sampo di applicabilita € risultato essere

piu piccolo rispetto alla BEP, ristretto a stedsetture di stessi metalli.

Nel complesso, queste relazioni possono esserezatié per una prima stima dell’energia di
attivazione di una reazione su diverse superfictamente attraverso il calcolo di proprieta
termochimiche di reagenti e prodotti con un incaée limitata rispetto ai calcolo “first-

principles”. Questo sara di impiego diretto nelpipazione della metodologia gerarchica
multiscala per lo sviluppo di modelli microcinetidipendenti dalla struttura in catalisi

eterogenea.



CHAPTER 1. Introduction.

GENERAL OVERVIEW AND STATE OF THE ART

Catalysis plays a fundamental role in modern p®dastory and in particular in Chemical
Engineering field. Application of catalytic processrange from energy supply to the
enhancing of existing chemical productions, patidy from the economical and
environmental point of view. Heterogeneous catalgsone is responsible for more than 20%
of the industrial production in the world [1] arfd4 trend is intended to grow for the years to

come.

Several industrial realities need the utilizatidrcatalytic supported particle, such as oil and
pharmaceutical companies and those aimed at pirajdbie environment. For example, in oil

and gas industry, the use of catalysts is neededder to achieve high added value products
from crude oil. In pharmaceutical industry, catays needed to obtain complex organic
molecules from elementary building blocks. Othetalydic process aim at remove waste

pollutants or hazardous substances from industutilows.

The development of chemical engineering and caglysms stimulated the scientific
community to gain a deep understanding of the i@achechanisms. In particular the works
of G. Somorjai and G.Ertl [2-3] has clarified aaienteraction between surface structure and
reactivity of the catalysts, whose understandingkay for the development of new and

improved processes.

The detailed understanding of metal catalysts bgrttical methods is widely acknowledged

as an important goal for the scientific commun#y10].

Several works are present in the literature, fetance Silvestrelli, Hutter et al.[11]. In 1997
they studied the dissociation of g@to CO and O on a Pt (111) surface. This workttethe
identification of a Langmuir Hinshelwood mechanisthrough the resolution of a
pseudopotential code with LDA and GGA correction.

In 2000 Michealides and Hu [10] performed a DFTlgsia for nine catalytic reactions taking
place on a Pt (111) surface, determining specijicalicroscopic reaction pathways for
hydrogenation of C to CH and of CH to €HExchange and correlation effects are

approximated using a GGA of Perdew and Wang. Tagnpim slab was a 3x2 periodic cell.



In 2002 Andreas Eichler [12] published a densityctional theory calculation applied to the
CO oxidation reactions over Pt, Pd, Rh (111) afi®)Burfaces, using VASP code and RPBE
GGA ultrasoft pseudopotential. Transition statesl agaction pathways were determined
using the Nudged Elastic Band (NEB) method andatibnal frequencies were used to

determine the prefactor of the rate constant.

In 2002 Ngarskov et al. [13] showed that for a claksatalytic reactions there is a universal
and reactant independent relation between the iopaetctivation energy and reactants
adsorption energies. Using DFT calculation withRBE approximation they investigated the
existing relationship existing for CH and CO digation onto different (110) and (111) metal
surfaces. This investigation was explained by ine @ rationalizing through this universal

principle the catalytic design in order to improte

Mauvrikakis et al. [14] used extensive DFT calculas on Rh (111) and the stepped Rh (211)
surface to investigate CO dissociation and theu@rfte of catalyst structure on its ability of
breaking C-O bond. They found out that CO dissamiabelongs to the class of reactions that

are extremely structure sensitive.

In 2004 Morikawa and Nakamura et al. [15] esamitieel adsorption behavior and the
thermal activation of C@on Cu (100), (110), (111) surfaces , with the paek“STATE”
used for the resolution of the DFT adsorption peail

In the same year GajdpEichler and Hafner [16] studied the trends in @d¥orption on
transition and noble metals using VASP code withAG@adient correction of various
flavours (PW91 and RBPE). Metal is modeled by fayers of metals separated by a vacuum
layer of approximately double the thickness. Tha af their work was to reproduce lattice

constant experimental data and to evaluate thagest adsorption site for CO.

Assessment and analysis of the effect of the strecre scarce in the literature, in particular,
state-of-the-art microkinetic models in heterogersecatalysis do not account explicitly for
the nature of the active site which is responsiiole the chemical transformation [17].
Consequently, these models are structureless anddannot be used for the analysis of
fundamental issues of chemical catalysis, suchhasstructure sensitivity. In fact, all the
details regarding each active site (e.g., the peavarystallographic planes, edges, corners,
defects, electron vacancies, kinks and their radadiistribution) are lumped together in the

general and abstract concept of “free site”, abélat the catalyst surface.



Figure 1:a) Detailed description of a supported pparticle metal catalyst versus b) abstract conedptctive
site typically used in microkinetic modeling.

Attempts for the assessment of semiempirical metiade been performed in literature, such
as the BEP relationship and the UBI method.

Michaelides et al. [9] performed DFT calculatioms determine transition and final state
geometries and energies for a large set of reagtitiose are key types of elementary
reactions in heterogeneous catalysis. They inwastily the linear relationship existing
between activation energy and heats of adsorptordissociative reactions which is BEP
relationship. The investigation encompassed mae 89 elementary steps on Pt (111).

The BEP relationship was also studied by Bligaaral.18] in 2004, when they investigated
the dissociative chemisorptions 0f,NCO, NO, Q both on flat and stepped surfaces. The
unexpected result they found was that not only @mynsurface reactions follow the BEP
relationship, but there are also classes of simdactions which follow the same “universal”
relationship. They concluded stating that the diegive chemisorptions energy is a good
descriptor of the catalytic activity for series siimple catalytic reactions, and that BEP
relations can be considered a universal criterartlie optimal catalyst for all the reactions

belonging to the same class.

In 2011 Wang et al. [19] investigated the transiti&tate energies of a large number of
essential bond breaking and forming reactionsuohioly among others C-O and C-C bond
breaking. All their calculations were performed ngsi the DACAPO plane wave

pseudopotential DFT code, describing cores withtrasoft pseudopotential; The validation

of the relation has been performed on a varietyawfsition metal surfaces.



In 2011 Maestri and Reuter [20] modified the trimaiial parameterization procedure of the
UBI-QEP method achieving a significant improvemehthe accuracy of the UBI against the

DFT reference for dissociation reactions.

This poses important challenges for the derivatibfundamental models in applied catalysis
[21]. In fact, given the presence of only one geaherctive site, such models cannot be
integrated with first-principles calculations, besa it is not trivial, even for the case of
structure insensitive reactions, which crystallgipia plane should be used as model for the
first-principles analysis. As typically found intdrature, (111) planes are used for this
modeling. As result, these models can be applicainlly to single (111) ideal crystal

catalysts, by assuming negligible the presenceoaitmefects, which is already an harsh

approximation [22].

All in all, although the structure of a catalystsHaeen an important factor in heterogeneous
catalysis since the discovery of structure seresiteactions in single crystal studies [23] its
effect on reactivity is neglected in the stateksd-art microkinetic modeling. Actually, the
catalyst particle is dynamic since it changestiiscsure, shape and size at different conditions
in the reactor environment. The inclusion of thefgects within the framework of the
microkinetic modeling, albeit extremely complex,oisenormous importance in the quest of

engineering the chemical transformation at moledelel| [24].

MOTIVATION AND SURVEY OF THE MAIN RESULTS

The main goal of this work is the description in emgineering way of relations that can
account for the effect of the structure of the lgataon its intrinsic reactivity. Papers present
in literature have investigated the behavior ofustdal catalysts progressing from single
crystal work in ultra-high vacuum (UHV) conditions model nanoparticle system [25-27]

but a general investigation of structure sensitalations is lacking.

The use of semi-empirical relations, such as BERs{Bted-Evans-Polanyi), UBI, herein
validated, and the comprehension of the applidghhield of these formulas can rationalize
the reactivity of supported nanoparticles, allowadaster screening and design of catalytic

materials.

This work answers the quest of the validation ofPB&nd UBI relations in the field of
heterogeneous catalysis, since this simple relatimve extensively been validated outside

the field of interest. This simplification allowsrfthe saving of extensive and computational
8



expensive DFT calculation, and connects the reictof a catalytic surface to one or few
descriptors, thus very useful for the rapid discgvad promising candidates for a certain type

of reaction.

The validation of scaling relations has been pentat through the use of DFT; the use of this
approach is commonly referred as “first principégrice it is based on the explicit calculation

of the electronic structure of the atoms involvedhe transformation.

In this work three reactions have been studiedHervalidation of the scaling relations: these
are CO, CH and CHdissociation, whose properties have been analyretbar different
metals as Rhodium, Platinum, Copper and Silver amdhree different low Miller index
surfaces, namely (100), (110),(111). In particll® dissociation has also been analyzed at

different oxygen coverage.

This work is divided into 5 chapters:

Chapter 2

This second chapter is a brief introduction to quanmechanics, that is a theory developed
to allow the characterization of matter at atongals by the numerical resolution of the
Schddinger equation. The main problem linked torgsolution of this equation is the fact
that it is function of the position of all the aterand electrons of the system in exam, thus an
enormous computational effort is involved in itsakition. This is the main reason why its
resolution requires the use of massive paralleésigmputers. Another problem linked to the
resolution of the Schddinger equation is the laickroexact formulation of its expression. In
particular, the electron-electron interaction icessarily approximated. The resolution is
computationally feasible when DFT is implementdad¢s it guarantees the reduction of the
dimensionality of the problem and the Hohenberg &mwhn theorems assure that no
approximation is introduced. Some approximationwaravoidable because the problem still
remains extremely complex. In the second part aipfdr 2 a brief theoretical introduction to
all the semi-empirical models is presented, inipaldr referring to the BEP relations and the
UBI method.

Chapter 3

This third chapter lists the calculated data frdra simulations performed. This chapter is
divided into three main parts corresponding tottiree reactions taken into account which

are CO CH and CHdissociation. Each section will make a comparisomong the four
9



different metals and the three surfaces. Carbonoxida dissociation will also take into

account different oxygen coverage effects, so teehanother cross-link comparison among
metals and surfaces. It is presented that moleandsatoms bind differently onto various
adsorption sites of the catalyst, giving rise ttfedent affinity between the metal and the

adsorbate.

Binding energies of the various chemical compourasl activation energies of the

dissociation reactions have been computed with iguaESPRESSO, an integrated suite of
Open-Source computer codes for electronic-struatateulations and materials modeling at
the nanoscale. It is based on the DFT, plane wawnespseudopotentials (as illustrated in
Chapter 2).

Simulations are held on a 2x2 supercell with 3 layaf fixed atoms, obtained by manual
parameterization of the atoms of the surface atel kerified by the Atomic Simulation
Environment (ASE), that is a set of tools and Pgthaodules for setting up, manipulationg,
running, visualizing and analyzing atomistic sintiaas. This code is freely available under
the GNU LGPL license.

Chapter 4

The fourth section of this work consists of thetsggatic analysis of data presented in
Chapter 3 with BEP and UBI-QEP relations. The dsegpvey on the nature of Transition
States is herein investigated, and properties ci e@action are rationalized. The Chapter is
divided into two different parts, the first one aeding the assessment of BEP relationships
and the second one regarding the UBI-QEP. Eachedet two sections will provide an
assessment of the semiempirical models starting tlee most general dissociation reaction
class and then focusing on smaller reaction clagsa®mic, triatomic, CH, CO dissociation.
In each reaction class the effect of the changsudhce within the same metal catalyst and
the effect of change of metal within the same gataturface have been analyzed.

10



CHAPTER 2. Methods.

This chapter deals with a brief introduction abdl basic concepts underlying the Density
Functional Theory (DFT) and the calculation of Mimim Energy Path. The second part of
the chapter reports the theoretical basis of the s@miempirical methods BEP and UBI-QEP

whose assessment is the aim of this work.

2.1 DFT: ATHEORETICAL INTRODUCTION

For an isolated system of given set of interacefgrtrons moving in an external potential
field generated by a set of fixed nuclei (or iomssumed as a punctual charge) it is
fundamental to find the state of electrons with ibmwest energy configuration, which we
refer to as “ground state energy’. The energy immated by solving the Sabdinger
equation which, in the time independent, non relstic, Born-Oppenheimer approximation

is:

HY¥Y(ry, 1y, ...,7y) = E¥Y(ry, 1y, ..., Ty) (2.2)
The Hamiltonian operator H is the sum of three terthe kinetic energy, the interaction with

the external potential Q%) and the electron-electron interactiondVThat is:

1 (2.2)

1 N N
H= —52v3+vext+z
; |ri — ]

i<j

In materials simulation the external potential oferest is simply the interaction of the

electrons with the atomic nuclei;

Vo (2.3)
Vo = _Z_a
ext Iri - Ral
a

Here,r; is the coordinate of the electroand the charge of the nucleuskgtis Z,. In order

to simplify the notation the spin coordinate is tied here and throughout this treatise. Eq.
(2.1) is solved for a set & subject to the constraint that theare anti-symmetric, meaning
that they change sign if the coordinates of any éhlextrons are interchanged. The lowest
energy eigenvalue,oEis the ground state energy and the probabilitysdg of finding an
electron with any particular set of coordinateg fs |¥,|2.The average total energy for a
state specified by a particuldt which is not necessarily one of the eigenfunctioh€q.

(2.1), is the expectation value of H:

11



E[¥] = f Y HYdr = (W|H|W) (2.4)

The notation emphasizes the fact that the grouedggns a functional of the wavefunction.
The energy is higher than that of the ground staessY¥ corresponds t&, - which is

known as the variational theorem;

E[¥] = E, (2.5)
The ground state wavefunction and energy may beddoy searching all the possible
wavefunctions for the one that minimizes the tetargy.

Hartree-Fock theory consists of an ansatz for thecwire of¥ which is assumed to be an
antisymmetric product of functiong;j, each of which depends in the coordinates ohglai

electron, that is:

1 .
WYyr = Wdet[ﬁbﬂﬁzfﬁs oM (26)

Where det indicates the matrix determinant. Sulgiit of this ansatz fol¥ into the
Schidinger equation results in an expression for therel@ Fock energy:

N
1
Enp = f ¢i* (r) <_§Z vi2 + Vext) ¢)i(7‘)d7‘

N
1 ¢i*(7”1)¢i(7”1)¢j*(7"2)¢j(7”2)
+§Z

|Ti—rj|

(2.7)

drydr,

_ %i ¢i" (r);(r) ;" (1) i(r2) dr,dr,
ij

|ri —
The second term is simply the classical Coulombrggneritten in terms of the orbitals and
the third term is the exchange energy. The grouate ®rbitals are determined by applying
the variation theorem to this energy expressioneurtte constraint that the orbitals are
orthonormal. This leads to the Hartree-Fock (or B€fuations;

37 )+ [ £ |00+ [urrar —apy @0
Where the non-local exchange potentigl,is such that :
Al ()b (7 (2.9)
f v (r, ™) i (r)dr’ = —Z f %@(w)dw
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The Hartree-Fock equations describe non-interaalagtrons under the influence of a mean

field potential consisting of classical Coulombedtal and a non-local exchange potential.

From this starting point better approximation (etation methods) fo¥ and k are readily
obtained but the computational cost of such impmmts is very high and scales
prohibitively quickly when the number of electroimgrease. In addition, accurate solutions

require a very flexible description of the waveftiog’s spatial variation.

The above discussion establishes that the dirdati@o of the Schiidinger equation is not
currently feasible for systems of interest in corsd& matter science, that is the main
motivation for the development and use of densitycfional theory. The main question that
arises is: is it necessary to solve the 8dimger equation and determine the 3N dimensional

wavefunction in order to compute the ground staergy?

The Hamiltonian operator (Eq.(2.2)) consists ofjgrelectron and bi-electronic interactions,
meaning that operators involve coordinates of anievo electrons only. In order to compute
the total energy we do not need to know the 3N dsianal wavefunction. Knowledge of the
two particle probability density, namely the protigyp of finding an electron at;rand an

electron at gy, is sufficient.

A quantity of great use in analyzing the energyregsgion is the second order density matrix,

which is defined as:

o N(N - 1) * o I (210)
P(r{,r3,1,15) = TJ- (i, 1y, e, )Y (g, 1o, o, Ty )drdry L dry

The diagonal elements of,,Poften referred to as the two-particle density rirabr pair

density, are:

Py(ry,13) = Po(ry, 12511, 73) (2.11)
This is the required two electrons probability ftiae and completely determines all two
particle operators. The first order density matsixdefined in a similar manner and may be

written in terms of Pas:

(2.12)

2
Py(r{,m) = NTf Py(r{, 13511, 72) dry

1
Given R and B the total energy is determined exactly;

13



E=tr(HP) (2.13)

Nat

_—f ——1V2—E—“ P.(r!, 1) d
r,T r
21 a|7”1_Ra| S !

=T

1
+ J- mpz (Tl, Tz)drldrz

We conclude that the diagonal elements of the &rst the second order density matrices
completely determine the total energy. This apptangastly simplify the task in hand. The
solution of the full Schirdinger equation fo¥’ is not required, because it is sufficient to
determine P and B and the problem in a space of 3N coordinates leas lbeduced to a

problem in a 6 dimensional space.

Approaches based on the direct minimization of [P suffer from the specific problem of
ensuring that the density matrices are legal thatthey must be constructible from an
antisymmetric¥. Imposing this constraint is non trivial and isremtly unsolved problem. In

view of this we conclude that Eq. (2.12) does meaidl immediately to a reliable method for

computing the total energy without calculating thany body wavefunction.

The observation which underpins density functiaghabry is that we do not even requirg P
to find E- the ground state energy is completeliearined by the diagonal elements of the

first order density matrix- the charge density.

2.2 The Hohenberg-Kohn Theorems
In 1964 Hohenberg and Kohn proved the two theorf@8k The first theorem may be stated

as follows:
The electron density determines the external piatieftd within an additive constant)

If this statement is true then it immediately fel® that the electron density uniquely
determines the Hamiltonian operator (Eq.(2.2)).sTfullows because the Hamiltonian is
specified by the external potential and the totainbher of electrons, N, which can be
computed from the density simply by the integratomer all space. Thus, in principle, given
the charge density, the Hamiltonian operator cooéd uniquely determined and wave

functions¥(of all states) and all material properties comgute

14



Hohenberg and Kohn gave a straightforward prodhisf theorem, basing the demonstration

on a reduction ad absurdum.

Even if the theorem confirms the existence of httigarrow correlation between ground state
electron density and ground state wavefunction Hbbeg and Kohn theorem does not
explain what kind of shape should have the funetioimat can solve the Sdiainger

equation.
The second theorem establishes a variational piaci

The energy of the overall functional is minimizetydy the true electron density which

matches the full solution of the Schrodinger eaurati

The theorem asserts that only the true ground stat#ron density can be used to return the
correct ground state energy. The proof of this theois straightforward from the first

theorem. This theorem restricts density functighabry studies of the ground state. A slight
extension allows variation to excited states tlzat be guaranteed orthogonal to the ground

state but in order to achieve the knowledge ofttect ground state wavefunction is required.
The two theorems lead to the fundamental stateofed#nsity functional theory:

5IE[p] —u(fp(r)dr—N)J =0 (2.14)

The ground state energy and the density corresfmtite minimum of some function&l[p]

subject to the constraint that the density contdhes correct number of electrons. The

Lagrange multiplier of this constraint is the etenic chemical potential .

The above discussion establishes the remarkali¢haicthere is a universal functionglp]
which, if we knew its form, could be inserted ib@ above equation and minimized to obtain

the exact ground state density and energy.

2.3 The energy functional
From the form of the Schrddinger equation (Eq.(2vlg can see that the energy functional
contains three terms: the kinetic energy, the augon with the external potential and the

electron-electron interaction and so we can revigefunctional as:

E[p] = T[p] + Vext [,0] + Vee [P] (2.15)
The interaction with the external potential isialy

15



Vorelp] = f Vo p(r)dr (2.16)

The kinetic and electron-electron functional ar&nown. If good approximations to these
functionals could be found direct minimization dietenergy would be possible, and this

possibility is nowadays subject of matter of reskar

Kohn and Sham proposed the following approach pragmating the kinetic and electron-
electron functionals [29]. They introduced a fictits system of N non-interacting electrons to
be described by a single determinant wavefunctiom i“orbitals” ¢;. In this system the

kinetic energy and the electron density are knowacty from the orbitals;

N
1 (2.17)
Tyl = =3 ) (#:IV10)

Here the suffix emphasizes that this is not the kunetic energy but is that of a system of
non-interacting electrons, which reproduce the gnoeind state density;

N
() =Z|¢i|2

The construction of the density explicitly from et of orbitals ensures that it is legal, i.e. that

(2.18)

it can be constructed from an asymettric wavefamcti

If we also note that a significant component of éhectron-electron interaction will be the
classical Coulomb interaction of Hartree energys(th simply the second term of Eq. (2.7)

written in terms of density);

1 (p(r)p(r) (2.19)
V = —f—dr dr.
H[p] 2 Irl _ Tz| 1%12
The energy functional can be rearranged as:
E[p] = Ts[p] + Vext[p] + VH[p] + Exc[p] (2-20)

Where we have introduced the exchange-correlationtional.E ... is simply the sum of the
error made in using a non-interacting kinetic egeagd the error made in treating the
electron-electron interaction classically. Writitige functional (Eq. (2.15) ) explicitly in
terms of densitiy built from non interacting orlitdEq. (2.14)) and applying the variational
theorem (Eq. (2.13)) we find the orbitals, whiclimize the energy andsatisfy the following
set of equations;

16



(2.21)

P ar' 4 )| 60) = )

1 2
_EV +Vext[r]+f|r—
In which we have introduced a local multiplicatpvetential which is the functional derivative

of the exchange correlation energy with respettéadensity,

SExc[p] (2.22)
Sp

This set of non-linear equations (the Kohn-Shamagqgas) describes the behaviour of non

Vye(1) =

interacting “electrons” in an effective local potieh

These Kohn-Sham equations have the same strudttite blartree-Fock equations (Eq.(2.8))
with the non-local exchange potential replaced Iy lbcal exchange-correlation potential
V.. We note at this point that the nomenclature inegal use and reproduced here is very
misleading. As stated abo¥g. contains an element of the kinetic energy andtsime sum

of the exchange and correlation energies as theyuaderstood in the Hartree-Fock and

correlated wavefunction theories.

The correspondence of the charge density and enefrghhe many-body and the non-
interacting system is only exact if the exact fiom@l is known. In this sense Kohn-Sham
density functional theory is an empirical methodgidecause the exact functional is not
known and neither a way of systematically appraaghit. However, the functional is
universal because it does not depend on the miatbeang studied. For any given system we
could, in principle, solve the Schrédinger equatiexactly and determine the energy
functional and its associated potential. This, @frse, involves a greater effort than a direct
solution for the energy. Nevertheless the abilitgletermine exact properties of the universal
functional in a number of systems allows excellepproximations to the functional to be
developed and used in a unbiased and thus prezligtisies of a wide rang of materials. For
this reason the approximations to density funclitimeory discussed below are often referred
to as ab initio or first principles methods.

The computational cost of solving the Kohn-Shamag¢igns (Eg. (2.16)) scales formally as
N® (due to the need to maintain the orthogonalityNobrbitals) but in current practice is

dropping towards Nthrough the exploitation of the locality of thebitals.

For the calculations in which the energy surfaddésquantity of primary interest DFT offers
a pratical and potential highly accurate alterraativ the wavefunction methods discusssed
above. In practice, the utility of the theory remststhe approximation used fBg.[p].

17



2.4 Exchange correlation functionals
The concrete aim is to represent the real natutheoéxact functional, and to implement it in
an efficient algorithm. Several functional are ndewveloped, but it is crucial to understand

the similarities and the differences among them.
A useful classification, referred to a biblical serffrom Genesis, is provided by John Perdew:

“had a dream.. a ladder was set on the earth wathap stretching to heaven... and the

angels of God were ascending and descending ¢Gén. 28]

Jacob’s ladder establishes a list of functionalsnofeasing accuracy climbing the ladder

itself, due to the greater amount of physical infation (Figure 2

vAg¢
<IQ'QI>

Heaven of chemical accuracy

Unoccupied orbitals

9 Hartree World

Figure 2: Jacob’s ladder

For each of the rungs generally exists:

- Non empirical functionals
- Semi empirical functionals

- Empirical functionals

The simplest and widespread functionals are LDA @&, they are often used because of
their ability to reproduce experimental data withod agreement by requiring a restricted

number of information to characterize the functioegression. Although these functionals
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may be mistaken and lose their capability to prigpprovide a good description of the
electronic structure and to generate a reliablerg@l that affects inter-atomic interactions
and thus all chemical and physical properties dtena

The LDA is employed as assumption to build the esponding pseudopotential. In the LDA
approximation the exchange correlation potentid¢cted is the one of spatially uniform

electron gas, whose density is the local electeorsity.

In this reference system electrons move on a peshliackground charge, so that the total
charge is zero. Electron density represents a aongalue everywhere, and this gives a good
physical description of a perfect metallic crystahere the positive charge is produced by
ions (nuclei and core electrons), unfortunatelymretcand molecules often possess variable

density.

EXPA[n(r)] = f (e, [n(r)]dr (2.23)

Whereg,, is the exchange correlation energy per partitlis, weighted with the probability

n(r) to find an electron im , and is composed by:

Exc[n(r)] = ex[n(r)] + &.[n(r)] (2.24)
Whereg, is the exchange energy, usually named Slater egeha

3 (2.25)
e

And ¢, instead is not explicit but accurately estimatgdMonte Carlo simulations of the

homogeneous electron gas; however various authewe proposed analytical expression

based on interpolation’s procedures.

LDA often fails in accurately describing atoms andlecules whose electron density varies
rapidly, so most of the applications in chemiseguire a greater accuracy than that one that
LDA can assure, as consequence an extension of hé¥Abeen developed, it is Generalized

Gradient Approximation, and it is widely employedsolid state physics problems.

GGA considers much information than LDA, it commuteot onlyn(r) at a particular

positionr, but also takes account of information about gratofVn(r):
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EZé4n(r)] (2.26)

- f (P exe[ng (), ng ()] dr
vor Vn,(r) Vng(r)
+ Z f Cye [Tla(r), ng (T)] n, (r)2/3n,,(r)?/3 dr

o,a!

With o, ¢’ referred to eithes or B spin.

GGA functional is commonly a local operator in atheenatical sense because its value at

only depends on(r) andvVn(r).

The desired improvement of accuracy is unfortuyatet reached because of the loss of
many physical properties of LDA, thus new constisalmave to be added, in fact, if some parts

of GGA violate the negative property of the exchahgles that former are set to zero.
As LDA also GGA is made up of two contributions:

ES64 = FG6A 4 EGGA (2.27)

It is possible to build the exchange energy stgrfiom the exchange part of the LDA:

B0 = 121 = " [ FLS, () (1) dr (2.28)

S, is a dimensionless function, intended as a lodanmogeneity parameter, and is set to zero

for the homogeneous electron gas.

This statement allows non-empirical GGA functiontalsatisfy the uniform density limit, and
several exact properties of the exchange —coroeldtole. Even if GGA functionals are able
to provide a correct description of several prapserof the matter they are also extremely
ineffective if particular aspects of certain maa&xiwant to be investigated, in fact van der
Waals interactions are not properly described byAG®hich uses to underestimate binding
energies if the intermolecular attraction is notcamted for. Furthermore, GGA
approximately characterizes transition metals anghiticular it miserably fails if a transition
metal oxide wants to be studied in terms of eleatrconductibility, in fact an oxide, with a
band gap, is described by both LDA and GGA likeedahthat has no gap. Thus more refined
functionals have to be built in order to providéetter description of a large amount of
physical aspects and to be able to well definealege systems.

To provide a sensible qualification of the most pter atomic systems upper rungs are
needed. Meta GGA functionals are positioned attkivel rung of the Jacob’s ladder and
20



include the second order derivative of the chamgesily, instead the fourth rung is occupied
by Hyper GGA functionals that evaluate the exachexge energy but also possess a critical
part that is non local and requires to know thected& density to be properly calculated.
Hyper GGA are by far much computationally demandihgy are built as a mixture of the

exact exchange and a GGA exchange functional.

In this workPBE ultra-soft Vanderbilt pseudopotentials are exygdl, because it is widespread in

heterogeneous catalysis for the description ofti@as on metal surfaces.

2.4 IDENTIFICATION OF THE TRANSITION STATE

The shape of the “Potential Energy Surface” is abtwnknown, but sometimes it is possible
to guess an initial physical path according to swtmgnconsiderations. With a large number
of moving atoms this initial guess cannot be sy ¢ade defined, thus numerical method to
find the correct Transition State have been implaegkto carry on a blind search of the TS.
This research can be numerically heavy, since dlsgmbint has to be found, and the Hessian
Matrix made up of second derivatives needs to laduated. Although DFT already provides
first order derivative, that are the forces actiog atoms ¥ = —VE) but not second
derivative, as consequence methods that followdowature directions from energy minima

cannot be simply implemented.

Various minimization methods have been proposdwagh a continuous function cannot be
properly represented with a calculator that hamitefamount of available memory. For this
reason the MEP can be thought as a movie made @apdigcrete number of snapshots or
images which is linked to the next one and belawmgthe MEP. Obviously, the more the
images, the higher the resolution of the movie thesbetter description of the MEP, but also
the more computationally intense resources consomph fact the intermediate images are

actually unknown and they have to be brought orME®.

The simplest method is called the “Drag” methodpa&nown with other names since various
editions of the same method have been proposedofihe total N degrees of freedom of the
system, the drag coordinate is held fixed while ¢hergy of the system is minimized with
respect to the others N-1. Step by step the dragdowte is increased in order to bring the
system from the initial state to the final configtion. The highest computed energy is
representative for the Transition State and a goiidl guess for the drag coordinate has to
be done. Since it is usually unknown, a linearrpéation of the atomic positions between

the initial and final state is performed. This igitinear interpolation can lead to a bad initial
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path, reminding that the reaction coordinate shdagddthe one that provides an imaginary
normal mode at the Transition State. Otherwisestfstem will not pass through the TS, in
fact if the reaction coordinate differs from theaekdrag coordinate the drag method fails

producing a discontinuous path.

The “Chain-of-State” method instead can work witbrenthan two images connecting the
initial and final state. If intermediate images gm®perly relaxed the method provides an
approximation of the whole path and the locatiothef TS, but intermediate images guide the
search in a particular way. The energy of each enatpced with a regular spacing along
suitable reaction coordinate is computed; the tEghenergy image is relaxed along a
particular direction defined by the gradient comgrunorthogonal to the line connecting two
neighboring images. When the orthogonal componétiteogradient becomes close to zero
within a certain threshold, no forces act on imagesiake them slide away from the current
path, that is the MEP. When all images are all loen MEP the highest one is no longer

relaxed but moved uphill the path towards the sagdint.

The “Elastic Band” method builds the initial patetlveen the two minima by evenly spacing
atoms along the path with variable spring constants by linking the initial and final states
with elastic bands. This method was developed bgnida dnsson and co-workers as a
refinement of the earlier “chain-of-states” meth&dr a better explanation of this method, it

is useful to report a diagram of a two-dimensiarargy surface.

Figure 3: Minimum Energy Path (MEP) representation
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In the figure, the MEP is represented by the smdioi connecting the reactant and the
product minima passing through a maximum of enevbich is the Transition State. Each
image on the MEP is indicated with a number froto @. The calculation of the energy at
each image would require eight independent DFTutations. It is useful to remember that
the forces on the atoms are definedfby —VE. Since image 0 and 7 are already located at
an energy minimum, they have null forces actingrmatom sets. For all other images, the
forces on the atoms are non zero. A MEP is by definthe path where any image along it
has a total force oriented directly along the path.

The method is based on the concept that imageg dlen MEP use the lowest energy to
define the path between two minima and that imabesild be evenly spaced along the path.

Mathematically, this corresponds to the objectivection:

P-1 L (2.29)
M(ry, 1y, ..., 1Tp) = Z E(r) + Z o) (r; —1i_1)?
i=1 i=1

WhereE (r;) is the total energy on the i-th image, dhis a constant that defines the stiffness
of the harmonic springs (the “elastic bands”) cantimg adjacent images on the path. This
objective function does not include image 0 andirResthey are held fixed at the energy

minima found with a relax calculation.

Two different problems have been found with thisthmod: the “sliding down” and the
“corner cutting” problem. The sliding down problesnlinked to the fact that the slope of the
MEP changes from image to image, thus moving dqoéat image along the path may lead
to hard or soft spring stretching if a unique sgffs K is used. The corner cutting problem is
instead linked to the fact that the set of imad@s minimizes the objective function does not
pass through the Transition State. The difficuigg lin the fact that the true MEP follows a
longer path located by the elastic band method.
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Energy

Reaction Coordinate

Figure 4: a) Sliding down problem and b)corner auit

The Nudged Elastic Band method allows the soluiotine sliding problem.

If the i-th image is considered, the path directtan be defined by the unit vectgr

_ Ti+1 7T (2.30)
7301 — Tzl

The i-th image will exactly belong to the MEP oifiyio force perpendicular to the path acts

i

upon the image itself.

Fi=F"+F =F*+ (F 1)t = (F 1) (2.31)
In additional the downhill motion of the imagesaidjusted by considering the spring forces

that keep image spread out along the path:

FXS = FE+ FP™ = FE 4 (Kigalrien — 1l = Kilri = 124 ) (2.32)
The relevant component of the real forces is the perpendicular to the MEP, instead the
interesting component of the spring forces is the that points along the direction of the

MEP. As a consequence only the projection of tmaggdorces is accounted for:

FiNudged _ Fi_L + ( Fiszoring ; Ti)Ti (2.33)
In this way the true force does not affect theritistion of the images along the path, but if
this method is not used the spring forces can pitete band from following the MEP, thus
causing the corner cutting phenomenon. Even ip#mpendicular force to the path acting on
each image is less than the selected thresholé teemo warranty that any of the images
calculated with the NEB method lies on the TraositiState, with the possibility of

underestimating the real activation energy of ttueess.
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Henkelman et al [30] introduced a slight modifioatiof the NEB method in order to
overcome this possiblenpasse The development of the “Climbing Image NudgedsEta
Band” method allowed the image with the highestrgynéo move uphill in energy along the
elastic band until the TS is reached. The CI-NEBhoe allows to have an idea of the whole

MEP, which is essential for the understanding ef\linole mechanism.

This method has been developed together with el@ctistructure calculations, in particular
plane wave based DFT calculations. The typical mehehich is underlying a calculation of
activation energy is to make a few iteration witBBy in order to identify the image with the

highest energy and then the force acting on thagyeris given by the following expression:

Fimax = —VE(Ripax) + 2VE(Ripax) * Timax * Timax (2.34)

The spring forces do not affect the maximum enémpgge and the spacing between images
will be different, as on one side of the saddlenpanages are compressed and on the other
they are stretched out. Variable spring constaatsbe used to settle interimage spacing, in
particular more resolution close to the saddle fp@nnecessary to have a more accurate

estimate of the tangent to the MEP and thus strosigéngs are used near the saddle point.

A very common practice is to choose the spring @orisnside a selected range, varying it

proportionally to the energy of the selected image.

Eyax — E; (2.36)

Kyax — AK ( 5o Eﬁf) ifE; > Erer
Kyax —AK  ifE; > Epop

Kl'=

Where, givenK,,x and K,y as the maximum/minimum value of the spring cortstan
AK = Kyax — Kuiny Emax is the maximum value of;, E,.; is the energy of the higher

energy endpoint of the MEP.
All'in all, CI-NEB method turns out to be the mesticient and the commonly used one.

Convergence is reached when the forces acting dmisgage, perpendicular to the MEP, are
below the selected threshold, which is 0.15 eV/ A.

2.5 NEB show case
An example of the CI-NEB is presented in this sectof the chapter, for a the CH

dissociation on (100) metal surface.
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CH->C+H

Since the NEB method requires the atomic coordiafethe initial and final state of the
elementary step to be known; several relaxatiores parformed to bring reactants and
products at local minima, choosing the lowest irergg as the best electronic structure
because it is representative for the strongestrptiso site.

The electronic structure calculations are perfornusthg the quantum-ESPRESSO code
which is based on the DFT method in a plane wawigigpotential implementation. PBE
ultra-soft Vanderbilt pseudopotentials are employied plane wave cutoff used is 25 Ry (340
eV) for the wave function and 250 Ry (3400 eV) tbe electron density. An 6x6x1
Monkhorst-Pack grid is chosen to map the Brillorame, with Marzari-Vanderbilt cold smearing
of 0.001 Ry.

Once the initial and final states are completelyingel, the NEB calculations can be
initialized, in fact the NEB code requires to kndle start and the end of the Minimum
Energy Path. 12 images are used to describe the. NTB® intermediate images (10) are
initially built with a linear interpolation of thatomic positions between the initial and final
state, then the shape of the 10 intermediate im&gagjusted in order to bring them on the
MEP.

NEB calculations are very tricky to converge, thetf25 iterations are performed with low
spring constants fk, = 0.2 ; k,ax = 0.7 ) in order to allow the intermediate imageasily
move on the PES, a wide “ds” (ds=1) that is thetifojzation step length” is used. Then,
when a suitable shape of the MEP is obtained (foaze below 1 eV/A) and the image with
the highest energy can be univocally determineel,Ghmbing Image method can be turned
on, in order to allow the selected image to clinh by following the MEP and to exactly
reach the Transition State. Spring constants aneased to ki, = 0.7; knax = 2.5, in order
bring the images surrounding the Transition Sthiser to it and to provide a better esteem of
the tangent to the MEP, instead the optimizati@p $éngth is shrunk to ds = 0.5 to allow

forces to satisfy the convergence criterion.
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Figure 5: Levels of energy (upper panel) and otésr (lower panel) of each image used to map the BfigP 1,
20 and 54 iterations

The total energy and the force is displayed fottadl 12 images (Figure 5), after 20 iterations
images appear to belong to the MEP (upper pan¢lgéch force is larger than the selected
threshold, instead after 54 iterations the CI-NE8thnd satisfies the convergence criterion,
and all the forces acting on each image are bela® éV/A.

The activation energy of the process is the intergoutput of the various levels of energy
calculated, thus an esteem of the barrier the aatdtas to overcome is provided as the
difference between the initial image and the higbeshe MEP.
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2.7 MODELS FOR ACTIVATION BARRIERS FOR ELEMENTARY
REACTIONS

Over years many models were proposed to understhgpelementary chemical reactions are
activated. There are many different reasons whivatein barrier arise during elementary

chemical reactions, that are:

- Bond stretching and distortion during reaction casergy. This is one of the major causes
of barriers to reaction

- In order to get molecules close enough to reaet, nwlecules need to overcome Pauli
repulsion and other steric effects

- In certain special reactions there are quantuncesffihat prevent bonds in the reactants from
converting smoothly from the reactants to the potslu

- There are also few special cases where reactaatstoebe promoted into an excited state

before a reaction can occur.

It needless to say but it is worth to remember, thiile there are many theories about why
barriers arise in chemical reactions, the modele haot yet been completely quantified
except in special cases we will look at. Conseduenthile we do have many models, one
still does not always know which model applies iacte situation. The validation of

semiempirical models and the clear identificatibtheir range of applicability is the task this

work is interested in.

2.7.1 BRONSTED-EVANS-POLANYI (BEP) RELATIONSHIP

The Bronsted-Evans-Polanyi (BEP) relationship west flerived by Polanyi and Evans in
1935 and correlates activation energy with the loéataction. This is the BEP correlation
[31]

E, = E2 + ypAH, (2.37)

To develop the Polanyi equation we consider theefgary exchange reaction

A+BC—-AB+¢C (2.38)
We consider the superposition of two attractiondtepn potentials ¥Wc, Vag Similar to the

Lennard-Jones 6-12 potential. For the moleculestB€|.ennard-Jones potential is:

7o 12 i 6
VBC = 4£L] I(a) - (a)

With 1 distance between molecules (atoms) B and C.

(2.39)
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In addition to the Lennard-Jones 6-12 model, anatiedel often used is the Morse potential

which has a similar shape

VBC — D[e—ZB(TBC—TO) _ Ze_B(TBC_rO)] (240)

When the molecules are far apart the potential ¥ei®. As they move closer together they
become attracted to one another and the potemtexigg reaches a minimum. As they are
brought closer together the BC molecules begin dpelr each other and the potential

increases. Recall that the attractive force betvBand C molecules is

Ve (2.41)
dx
A potential similar to atoms B and C can be draamtlie atoms A and B. the F shown on the

Fge = —

figures below represents the attractive force betwthe molecules as they move in the
direction shown by the arrows. That is the attxacforce increase as we move towards the

well r, from both directionsiyg > 1, andryg < ry.

BC AB

Energy
Energy

lo legc—> l'sc —
< I‘AB <— rAB

Figure 6:BC, AB potentials (Morse or Lennard Jones)

One can also view the reaction coordinate as atuwami of the BC distance for a fixed AC

distance,

| 1) | 2) |
( | [ | [ |

A c| |A BC| |AB C
r r

Figure 7: rag and rc illustration
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For a fixed AC distance as B moves away from Cdiseance of separation of B fromrg,

increases as B moves closer to A. 1As increases g decreases and the AB energy first
decreases then increases as the AB molecule bedos® Likewise as B moves away from
A and towards C similar energy relationship arenfbuThis situation can be easily
represented on a diagram energy vs. reaction guaiedias B moves towards C from A, the
energy first decreases due to the attraction thereases due to the repulsion of the AB
molecules as they come close together at poinin(#)e above figure. Superimposing the

two potentials for AB and BC we can form the foliag figure:

Reference

AB
Energy

iy \/ U AHe=EorErg

lee—> N fee=fag” M2 <— B

*

r
Reaction Coordinate

Figure 8: Overlap of potentials (Morse or Lennardnés)
Let S be the slope of the BC trajectory betweeand gc=rag=r*. starting at kg and g, the
energy of BC, E, at a separation distance g rcan be calculated from the product pf the

slope $ and the distance from at Er.

Ey = Eig + S1(rgc — 11) (2.42)
Let S be the slope of the AB trajectory betwegmamd gc=rag=r*. similarly for AB, starting
on the product side atyk as the distancexg increases the distancgcrdecreases and the

energy k& at the distances¢ is:

E; = Ezp + Sp(rge — 12) (2.43)
At the height of the barrier, B is equal distainfrA and C,
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Tec =Tip =7  then E{=EFE;=E" (2.44)
Substitutingt; andE;

Eig +S5:(r" — 1) = Epp + S,(r" — 1) (2.45)

And rearranging

S;(r* = 1) = AHpx + S,(r* — 1) (2.46)

Solving forr* and substituting back into the equation

Ea = E; - ElR = 51(7'* - 7"1) (247)
Yields

E, = EQ + ypAH, (2.48)
Which is the BEP correlation relating the activatenergy and heat of reaction.

Where
515, (2.49)
0 _
a= (51 n 52> (r = m1)
S, (2.50)
Yp =
S1+ S,

The implication of this equation is that if one hamime way to change either the enthalpy or
the free energy of a reaction, the activation epdog the reaction would also change; the

activation energy would also changejfor S, were to change or {fr, — r;) changed.

A key application of the BEP relationship is thatgeneral stronger bonds will be harder to
break than the weaker bonds. To compare thisuseful to compare the potential plot for
breaking of stronger bonds and weaker ones. Inagdke strength of the bond, one is

increasing the slopg,, and according to Eqg. (2.59)

Eq=E{ —Eg=5.(r" — 1) (2.51)
If everything else is equal, that should incre&selarrier to reaction. The condition we have
imposed to(r, — ry), S;, S, to be constant is the reason why BEP relationsaipfall when

assessed over some particular classes of reaction.

Another important effect is that, if everything els equal, as you increa¢g, — r;) the
barrier to reaction increase. One calls reactioitls small values ofr, — ;) reactions with
tight transition states; if thé, — r;) distance is small, one does not have to stretlbtmd
very much for the reaction to happen. Consequéndyeaction barrier will be small.
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One instead calls reactions with large valu€rgf— r;) reactions with loose transition states,

with opposite features respect to tight transistates.

In actual practice, everything is rarely equal. Wexdbonds are not necessarily easier to break
than harder ones. Reactions with loose transitiate $lo not necessarily have larger barriers

to reactions.

This brings up an important point, that is thafwetton barriers are subtle. If everything else
is equal, making the reaction less exothermic witrease the barrier to reaction. If
everything else is equal, increasing the amouriiooid distortion in the transition state will
increase the barrier to reaction. If everythingeeis equal, pulling electrons out of the
transition state, which lowers Pauli repulsion|valver the barrier reaction. But a substituent
may increase the bond strength and decrease thenawidbond distortion. It is very difficult

to know how the activation barrier will change urck situation.

Another difficulty is that BEP relationship doestmweork well all of the time. The linearity
works over a limited range @&fH,.. Moreover BEP relationship can give unphysicalitssor
very exothermic reactions, namely when the progigdttd,. has an absolute value larger than
EQ. Generally we can say that the BEP relationshig isseful approximation for reactions

that are neither too exothermic nor too endothermic

All in all, the BEP relationship derives from adar interpolation of the potential energy
diagram. The relationships that follows linearlynnects the enthalpy and the activation
energy of a reaction. The two fitting paramet&fsandy, have a physical meaningy
represents the order of magnitude of the activatioergy of the reactiony, is representative
for the point where the two linear interpolatioteirsecty, numerical value can range from 0
to 1 by definition; its numerical value is linkealthe nature of the Transition State (TS) of the
reaction. A value close to 0 means a TS struchueresembles the starting products. Such a
transition state is called early TS, which is cltogethe starting products on the left of the
reaction coordinate than to the products on thétrignstead a value close to 1 is
representative for a structure of the TS that rédesnthe products. Such a TS is called late
TS, which is closer to the products on the righthef reaction coordinate than to the starting
products on the left.
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THE UBI-QEP METHOD
The unity bond index — quadratic exponential patéi iy BI-QEP) technique has proved to be

a useful approach applicable to small moleculesranadl semi-empirical methods.

In this method, the two-body interactions (Quadr&ixponential Potential-QEP) is:

E(x(r) = a(x?(r) — 2x(1)) (2.52)
The total energy is constructed from additive tvaaip contributions:
B = ) @ - 2x) (253)

L

Under the heuristic condition that the total bomdex X of all interacting two-centre bonds is

conserved at unity (UBI):

P 2-"1' _q (2.54)

This technique allows for the estimation of molecubinding energies from atomic binding
energies and gas-phase bond dissociation ener§amation barriers are estimated by
minimizing the two-body adsorbate configuration rled through the quadratic exponential
potential. This double mapping from atomic bindewergies to molecular binding energies
and from molecular binding energies to activatioergies allows the estimation of a whole
microkinetic model just from atomic binding enegi@ technique which has proven to be

extremely powerful.

In the UBI-QEP approach the intrinsic reaction lesrassociated with a surface dissociation
reaction is developed from a variational procedanel an interpolation. The variational
procedure gives the UBI-QEP mathematical expredsinthe energy maximum which is an

overestimation. The following interpolations a @mtion for this overestimation.

To facilitate the discussion of reaction energetie, present in Figure 9 a one-dimensional,
potential diagram representing the chemisorptiond dissociation of a diatomic AB,
composed of two energy curves: (1) the interacemergy between adsorbate AB as a
function of distance from the surface and (2) thm ©f the interaction energies of atom A
and atom B as a function of the distance from thiéase.
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Figure 9: Potential diagram energy against reactiwoordinate, meant to be as the AB distance
The first assumption of the UBI-QEP method is timm many-body system the two body
interaction are described by a quadratic poteiwfiadn exponential function of the distance
called the bond index. The total energy of the system is assumed talt#iee of two-body
contributions under the heuristic assumption tieg total bond index of the system is

conserved at unity.

The UBI-QEP energy expression for interaction epé&gtween AB and the metal surface is:

Exp = Qu(x2 — x4) + Qp(x2 — x5) + Dyp(x2p — x45) (2.55)
Which is subject to the UBI constraint

xA + xB+xAB = 1 (256)
WhereQ, andQg are the binding energies of the atomic speciesid B at the surface and

D, the dissociation energy of AB in gas phase.

Since we wish to plot the minimum energy path fa &dsorption of AB in the diagram, we
optimize the energy with respectitg andxg. The resultant expression is a one-dimensional

energy equation that describes the minimum-eneagly ip terms of,p .
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2.57
[ Q405 s, 1, @l (25D

Epp = |[———— +———
457104+ Qs Q4+ 08 Q4+ 08
It is clear that AB bond index correlat€gz with some measure of the distance of the AB

+ DAB] xip + [2

molecule to the surface along the minimum enerdig,@ich as the distance of the midpoint
of AB bond.

The other energy curve comprising the potentidhes sum of single A and B energy, non

interacting 45 = 0).

Ejsp =Efq+Eg = QA(XX —Xx,) + QB(xg — Xg) (2.58)

No bond index conservation is imposed since théoatmare independent of each other.

The maximum is the point at which the dissociatemergy profile intersects the A+B
chemisorption energy profile, and because everysvladong theE,,; curve x,z = 0, the
transition state AB bond index, ;; is zero. Thus we can easily evaluate the enerdgiieof

maximum as:

Q405 (2.59)
Qs+ 0 Q=05

If we convert this expression into a quantity foe reaction barrier , realizing that any point

Esp =

along the reaction energy profile can be expresse@rms of the chemisorptions energy

minimum, By, and an increment above the minimum

Esp = Emin + AEqp = —Dpp — Qup + AEyp (2.60)
Putting Eq. (2.62) and (2.63) equal to each othearsyy

Q405 (2.61)
0.+ 0, Qa— 05

In which AE}; is the activation barrier relative to the adsorB&] From the thermodynamic

AEjp = AE g = Dpp + Qup +

cycle composed of AB desorption, AB gas-phase diafon and A and B chemisorptions,

one obtains for the enthalpy of the surface reactio

AH =Qup + Dyp — Q4 — Q5 (2.62)
So that the reaction barrier relative to the s@wfadsorbed reactants is:
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Q405 (2.63)
Q4+ 05

This barrier is an overestimation. Since the ABsdgation energy profile is described by a

guadratic expression, there can be only one extmemwhich corresponds to the AB

chemisorptions minimum.

If we could determine the value of the AB bond ix@¢ the transition state, we could get the
transition state energy simply substituting the damdex into Eq. (2.58). Then the energy
difference between the transition state and thendwbed state of AB would give the barrier
height. The framework of the UBI-QEP method doest provide means to determine this
transition state bond index. In lieu of this laske can go for the simplest interpolation,
namely, taking the midpoint of the energy intenad point of dissociation. This gives for the

activation barrier for the AB dissociation:

1 2.64
aE, = Lan ¢ Qe (2.64)
2 Q4+ 08
This interpolation is tantamount to choosing a edior the AB bond index in the transition

state that is dependent on the thermodynamic paeasnef the system of interest.

In the common hybrid approach to UBI-QEP all therthodynamic parameters such as
binding energies would be determined by DFT, whihstill computationally much less

expensive than the explicit calculation of the\ation energy.

M. Maestri and K.Reuter [20] in 2011 slightly madd the traditional UBI-QEP approach in
order to overcome possible discrepancies betweemtidel and the DFT calculation. Their
assessment of the UBI-QEP method has been perforesgmbct to (111) metal surfaces,

proposing a modification to the original model ttts next paragraph explains

First of all they find out that the choice of themrical value 0.5 for the interpolation of the
TS bond index does not grasp the true nature of Shétself. If a TS has a geometry which

can be interpreted as late, the value ahould be larger than 0.5.

As second point, they find out a discrepancy betwbe calculated binding energy of AB
molecule with the UBI-QEP method and the correspundFT value, which may not, in

principle, coincide. This discrepancy appears higitéd by a closer inspection in Figure 10
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Figure 10: lllustration of the UBI-QEP minimum eggrpath for a diatomic molecule AB interacting wath
solid surface.

As we can notice, the direct use of thg; binding energy calculated by means of DFT in the

evaluation ofAH introduces a spurious contributian= EPAL — E, 5 1-%FF

The deep root of the problem was found to be therisistency between the energy of the TS
from the UBI-QEP potential and the binding ener§yhe diatomic molecule from DFT. A
simple remedy for this is the shift of the MEP Mdyso that its minimum coincides with the
proper DFT binding energy. All in all, instead alculating the energy of the chemisorbed
AB molecule through the equation fBy,;,, it is possible to analytical minimize the equatio

of the MEP, obtaining:

0,40 2 (2.65)
UBI-QEP _ (QAILEI- 53 B DAB)
Eact - ¢ QAQB D
(QA + g + AB)

This expression now only depends on DFT parametevgling the introduction of spurious
contribution from the underlying UBI-QEP relationd. significant improvement in the
accuracy of the UBI-QEP against DFT reference leas lfound.
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CHAPTER 3. DFT based analysis of
dissociation reaction on low index
surfaces.

In this chapter DFT calculations for dissociatioeaction on different metals and different
low index surfaces are reported. These results wél exploited in chapter 4 for the
assessment of BEP relationship and UBI-QEP method.

3. DFT analysis of dissociation

Chapter 3 deals with the analysis of dissociatio8©, CH, and Chmolecule. Each reaction
has been analyzed on four metals, Rh, Pt, Cu, Algoanthree different low index surfaces
(100), (110) and (111). CO dissociation has besa ahalyzed in terms of different oxygen
coverage, namely O ML, 0.25 ML and 0.50 ML.

A systematic analysis procedure has been emplayethé search and the selection of the
configuration of reactants and products, which MEB method requires as input data.
Several relax calculations have to be performeatder to find the local minima, and only the
lowest in energy is selected as the best electrooidiguration for both reactants and

products.

Methodology

All electronic structure configuration have beencokted using the quantum-ESPRESSO
code, which is based on DFT method with plane weave pseudopotentials. All unit cells

employed to build the (100) (110) and (111) slatesa2x2 supercell with 3 fixed layers, a
fourth layer allowed to relax in the direction pemplicular to the slab plane and 12 A of
vacuum left between slabs. Only the adsorbatealbneed to move in every directions, thus
reducing the computational effort to the minimum éach relax calculation. The use of PBE
Ultra-soft Vanderbilt pseudo potential for the megentation of the core electrons is
determined by the fact that they are widely usethatidated for reactions at metal surfaces.
In particular Vanderbilt pseudopotentials are ableeduce the cutoff energy if the majority

of the weight of the wave function is not keptle tcore, after relaxing the norm conservative

rule.

The lattice constant of the used for the four nsefll, Pt, Cu, Ag, later used in the calculation

is linked to the Vanderbilt pseudopotential usedhe Tfollowing table shows the good
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agreement between calculated and experimentatdatitbnstant of the metals used in the

following calculations.

Metal Lattice Calculated  Lattice Experimental Pseudopotential
(A) (A)
Rh 3.85 3.80 Rh.pbe-nd-rrkjus.UPF
Pt 4.00 3.92 Pt.pbe-nd-rrkjus.UPF
Cu 3.65 3.61 Cu.pbe-dn-rrkjus_psl.0.2.UPF
Ag 4.15 4.09 Ag.pbe-dn-rrkjus_psl.0.1.UPF

Table 1: List of the lattice constants used in¢hkulations and comparison with experimental value
Experimental data taken from http://www.webelemeats/

Plane wave cutoff used during electronic structurelaxation is 25 Ry (340 eV) for wave
functions and 250 Ry (3400 eV) for the electronensity [14]. A 6x6x1 Monkhorst-Pack

grid is chosen to map the Brillouin zone, with arkéai- Vanderbilt smearing of 0.001 Ry.

The convergence force threshold chosen i Rydberg. The convergence criterion is
satisfied when all components of all forces arelmnthan the threshold.

Binding energies of the system are calculatedistaftom the total energy of the slab itself,
the total energy of the reactant in gas phase,tlaadenergy of the adsorbate bound to the

surface.

B.E.= Eslab + Eadsorbate,gas phase slab+adsorbate

This Binding Energy (B.E.) is the quantity of engrghich is required to pull an adsorbate off
the metal surface back to the gas phase. This valuepresentative of the strength of the
chemical bond. The higher the B.E., the higheréhergy to cleave the adsorbate-surface
bond.

The electronic structures and the activation eneejgulations are also performed using DFT
with CI-NEB method implementing quantum-ESPRESS@ecd he plane wave cutoff in the
calculation used is 25 Ry (340eV) for the wave fiorcand 250Ry (3400eV) for the electron
density. A 6x6x1 Monkhorst-Pack grid is used fag Kapoint sampling of the Brillouin zone,

with a Marzari-Vanderbilt smearing of 0.001 Ry.

The Nudged Elastic Band method is used to findtthesition states and to map the MEP

using 12 images (including the initial and finahtess). The initial guess of the MEP is a

simple linear interpolation, and after a couplestattions, when the general shape of the

MEP is obtained and the highest energy image &xlgiédentified, the Cl method is applied.
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Convergence is achieved when the projection albagerpendicular direction to the MEP of
the force acting on each image is lower than a@ppately chosen threshold value, which is
0.15eV/Angstrom. The threshold value has been chasereference for all calculation as a
compromise between a fair computational effort angood accuracy of the calculations.
Several convergence analysis have been performétedmit value of forces of the CI-NEB
calculations. The following plot shows that thefeliénce in collected data is minimum, thus
not requiring a strict limit on the forces.
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Figure 11: Convergence of activation energy atedéht forces threeshold
The use of 12 images is a perfect trade-off betwteemeeding of a good accuracy in the
calculation and a reasonable computational time.falct each interaction requires the

calculation of 12 electronic structures, and a g@reaumber of images also brings a better
mapping of the MEP but also more time consumedai éteration.

Adsorption Sites on (100), (110), (111) low indexidaces.
Various adsorption sites are present and availableach low index metal surface. They are

dependent on the geometry and the atom disposititnin the same metal surface. Each

40



adsorption site is characterized by a differergrgjth in the B.E. of the adsorbate, dependent

on the adsorbate-site intrinsic interaction.

(100) Surface

Figure 12: Available adsorption sites on a (100)tahsurface

Three adsorption sites are present on a (100)yrighich are namely: the top adsorption
site, positioned on the perpendicular directiorpees to the metal surface, only respect to the
highest layer metal atoms; the bridge adsorptiae, sihich is the intermediate position
between two top sites; the hollow adsorption sitkich is the position in between four top

position. This is the reason why the position sod&nown as fourfold adsorption site.

(110) Surface

Longbridge

Shortbridge

Figure 13: Available adsorption sites on a (110)tahsurface

Four possible adsorption sites have been identdiethe (110) metal slab. These are: the top
adsorption site, which is perfectly perpendicukespect to the plane identified by the metal

surface, on top of the metal atoms on the last Inteyar. The bridge position of the (100)
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metal slab has now two different lengths, due tofttt that if the (100) metal slab could be
seen as quadratic one, this (110) slab is rectangihlus having two different length for the
bridge adsorption position: longbridge and shoddpei The hollow adsorption position is the
adsorption position in between four top adsorpsies, at the top position of a metal atom of

the second to highest metal layer

(111) Surface

Figure 14: Available adsorption sites on a (111)tahsurface

The (111) metal surface has 4 different possiblsogation sites. The first one is the top,
which is the position above the metal atoms belug¢o the highest metal layer. The hollow
site of the (100) surface has now two differentdess, due to the mode the surface is built.
There are two different hollow sites. The fcc ombere there is no other metal atoms directly
underneath the adsorption site; in the hcp positioenmetal atom belonging to the lower slab
is directly underneath the adsorption position. THnelge position is the position in the

middle between two top adsorption sites.

Binding Energies analysis of adsorbates

An energetic analysis of the strength of chemicahds established between adsorbates
involved in the reaction pathways is herein reaiZ€hese plots will be necessary for the

interpretation on the base of chemical strengthtaadelative unbalancing along metals and
surfaces of BEP and UBI trends. The reported bméinergy is always referred to the most

stable adsorption site among all of the surfacachvis also the initial and final position of

the NEB calculations later reported in this Chapter
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Analysis of binding energy strength of CH molecule
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Figure 15: Trends of B.E. of CH molecule adsorbetbdrh, Pt, Cu, Ag metal surfaces on the mostestabl
adsorption sites

CH molecule shows a stronger binding energy onitmdurfaces, with the (110) surface
which is the weakest among all others in termsdsbgption stability among others. The level
of stability among metals for CH adsorbate stahibtarting from the highest and ending with
the weakest, is Rh>Pt>Cu>Ag; the level of stabdityong surfaces, respected on every metal
surface for CH molecule, is (100)>(111)>(110).

Analysis of binding energy strength of CH, molecule
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Figure 16: Trends of B.E. of GHinolecule adsorbed onto Rh, Pt, Cu, Ag metal sagan the most stable
adsorption sites
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CH molecule shows a stronger binding energy onrplat surfaces, followed by rhodium,
copper and silver. The chemical adsorption strergtiong metals can be schematized as
follows: Pt>Rh>Cu>Ag. No unique fashion can be di&te on the same metal for different
structures. Rh shows higher chemical strength 1@0), followed by (111) and (110).
Platinum surfaces show different trend. The maalstsurface for CHis (110) followed by
the (100) and (111). GHadsorption stability on copper follows the inciagsindex of the
surfaces (100), then (110) and (111). Silver shthwessame trend as for Platinum. Ag(110)
has a better stability for GHhdsorption, followed by Ag(100) and Ag(111).

Analysis of binding energy strength of CO molecule
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Figure 17: Trends of B.E. of CO molecule adsorbetbdrh, Pt, Cu, Ag metal surfaces on the mostestabl
adsorption sites

CO molecule has its strongest adsorption site of1H3) and Rh (100), which has a B.E. of
2.18 eV. Most stable metals for CO adsorption aneaRd Pt, while Cu and Ag show lower
stability. CO adsorption trend among the same nfetedws a common trend of platinum,

silver and copper, which is (110)>(100)>(111). Rhadhas a particular behavior following a
different fashion within the change of surface mdaehich is (100) more stable than (110)
followed by (111).
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Analysis of binding energy strength of C atom
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Figure 18: Trends of B.E. of C molecule adsorbetbdh, Pt, Cu, Ag metal surfaces on the most stable
adsorption sites

C atom shows its most stable adsorption site oA®})( The trend for rhodium metal, among

surfaces adsorption stability is (100)>(110)>(11The platinum surface shows the same

strength for binding energies, with a differentntteof surfaces respect to rhodium:

(111)>(100)>(110). Copper and silver metal surfesteswv lower adsorption strength respect

to rhodium and platinum surfaces, following the esamnend of surfaces of rhodium:
(100)>(110)>(111).

Analysis of binding energy strength of H atom
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Figure 19: Trends of B.E. of H molecule adsorbetbd®h, Pt, Cu, Ag metal surfaces on the most stable
adsorption sites
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H atom shows the highest stability on rhodium aladiqum surfaces. Copper and silver have
a lower ability to stabilize the adsorbed H atorfibe order of stability for the adsorbed
molecule on rhodium surface is (100)>(111)>(110);foplatinum surface is
(110)>(100)>(111); for copper is (111)>(110)>(10@y; silver (110)>(111)>(100). It is worth
to notice that B.E. values are different amongate$ of the same metal of decimals of B.E.,

so that the difference is negligible.

Analysis of binding energy strength of O atom
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Figure 20: Trends of B.E. of O molecule adsorbetb dth, Pt, Cu, Ag metal surfaces on the most stable
adsorption sites

O atom ha a decreasing adsorption stability onitmodsurfaces as the index of the surface
increases: Rh(100)>Rh(110)>Rh(111). Platinum seddollow the opposite trend: the order

of oxygen adsorption stability is Pt(111)>Pt(11Q)(%B0). For copper surfaces the order is
the following: Cu(100)>Cu(111)>Cu(110). Silver, whi shows the lowest adsorption

stability, follows the same scheme of rhodium: A{t-Ag(110)>Ag(111).

Elementary Step: CO— C+0O

Chemical dissociation of CO molecule has been extely investigated onto the four
selected metals (rhodium, platinum, copper, silvento the three different surfaces
((100),(110),(111)) and three different coveragéuagion (OML,0.25ML,0.50ML). A
description of each metal structure, at differexygen coverage is reported together with a
description of the reaction MEP in terms of geomefrthe initial, final and Transition State

and activation energy.
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Reaction pathways of CO dissociation on Rh (100) different oxygen coverage
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Figure 21: Activation Energy of CO dissociation Rh (100) OML; 0.25ML;0.50ML
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Geometry description of 0 ML oxygen coverage

The mapping of the MEP has been performed by NE&ilzions which is implementing ClI
method for the exact location the Transition S{@®). The initial and final state at the metal
surface are found according to the systematic pitree abovementioned. As depicted in
Figure 21 it is possible to evince that the disatian reaction is endothermic for 1.45 eV. At
the initial state CO is positioned at the bridgeagtion site, the C-O distance is 1.18 A and
the CO molecule is perfectly perpendicular to thetahslab plane. The TS presents C and O
atoms already cleaved, with a distance of 1.99 dfarming a C-Rh-O angle of 58.55°. The
C-Rh distance is 2.02 A and the Rh-O distance 06 &. The final state has a geometry
which is close to the Transition state, with a @i€tance of 2.87 A, a C-Rh distance of 1.94
A and a O-Rh bond length of 2.16 A As clearly seeRigure 7, the TS appears to have a late

geometry. The activation energy of the process38 2V and the nature of TS is late

Geometry description of 0.25 ML oxygen coverage

The presence of an oxygen atom onto the Rh (10fgc) affects the endothermicity of the
CO dissociation, as it increases the energy diffleebetween reactant and product to 1.61
eV. The most stable initial position for CO is thellow site, where CO molecule is
perpendicular to the slab plane and the C-O distéd.20 A. The TS is late, with the C-O
complex which is already separated, whose relatistance is 2.00 A and the C-Rh-O angle
is 59.66°. The C-Rh distance is 1.97 A while the®Histance is 2.05 A. The final geometry
state is represented by C in hollow site and that@n in the bridge position. The C-O
relative distance is 3.49 A, C-Rh distance is 1498nd O-Rh distance is 1.94 A. The angle
relative to the three atoms, C-Rh-O angle, is 1Z8& activation energy of the process is 2.82

eV with a late transition state.

Geometry description of 0.50ML oxygen coverage

The introduction of the second oxygen on the RhO)16urface increases the energy
difference between reactant and product with am#mdmicity of 2.66eV. The initial state is
found to have the 2 oxygen atoms which act as egesof the surface in the hollow position,
just like the CO molecule, which has a C-O distamice.18 A. Just like all the previous case
onto the Rh(100) surface, the molecule is perfeptypendicular to the slab plane. The
transition state has the typical features of a e in which C and O atoms are already
separated, with a C-O distance of 1.94 A and a @Ringle of 58°. In this TS the C-Rh
distance is 1.96 A, while the O-Rh distance is 204 his configuration is very close to the

final state, which has both C and O in the remaimvo hollow sites on the surface, with a C-
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O distance of 3.01 A, a C-Rh distance of 1.94 A ar@-Rh distance of 2.22 A. The angle
between C-Rh-O is now 92.52°. The activation en@fgis dissociation process is 2.94 eV.

Enthalpy differences tend to increase together waithtivation energy of the process at

increasing oxygen coverage.

Reaction pathways of CO dissociation on Rh (110) different oxygen coverage
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Figure 22: Activation Energy of CO dissociation ®h (110) OML: 0.25ML;0.50ML
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Geometry description of 0 ML oxygen coverage

CO dissociation on the Rh (110) with no oxygen cage is an endothermic reaction for 1.13
eV. The most stable adsorption site for CO is ¢nmttye, which is perfectly perpendicular to
the plane of the Rh slab. C-O distance is 1.18 e TS is late, thus very similar to the
geometrical configuration of product. In fact C a@datom are already separated with a
mutual distance of 1.90 A, forming a intermediatgyla of C-Rh-O of 55.7°, with C-Rh
distance of 1.99 A and a O-Rh distance of 2.06 e Tinal position, with C in longbridge
position and O in shortbridge position, has a Cifadce of 2.99 A, and an intermediate
angle of C-Rh-O 100°. The C-Rh distance is 1.93nd the O-Rh distance is 1.96 A. The

activation energy of the process is 2.28 eV with [ES.

Geometry description of 0.25ML oxygen coverage

The introduction in shortbridge position of an extoxygen atom acting as spectator to the
reaction increases the endothermicity of the dission process to 1.41 eV. The most stable
adsorption site for CO molecule is shortbridge,hwét geometry of the initial state very
similar to the O ML dissociation reaction. The GdiStance of the perfectly perpendicular CO
molecule to the slab surface is 1.18 A. The TSamtssa CO molecule already cleaved, thus
assuming a late TS. The C-O distance is 1.84 AthadC-Rh-O angle is 55.3°. The C-Rh
bond length is 1.92 A and O-Rh bond length is 204 he final position has C molecule in
longbridge position and O in shortbridge positiseparated by 3.0 A with a relative angle C-
Rh-O of 101.8°. C-Rh bond is 1.91 A long and O-Rimdbis 1.96 A long. The activation
energy of the process is 2.83 eV with late TS.

Geometry description of 0.50ML geometry coverage

The introduction of a second atom of oxygen astspe&cin the reaction increases the energy
difference between product and reactant to 2.33Té¥. most stable adsorption site for CO is
shortbridge, with a C-O distance of 1.17 A. The @6Blecule is perfectly perpendicular to the
slab plane. The TS is very similar to those at O &id 0.25 ML coverage, with C and O
already separated by 1.61 A. The angle between -©-Rh47.1°. The distance C-Rh and O-
Rh are respectively 1.97 A and 2.04 A. The TStis. [@he final state presents C in longbridge
position and O in shortbridge position. Their miitiatance is 3.0 A and the angle between
C-Rh-O is 100.8°. The C-Rh distance is now 1.94n8 ®-Rh is 1.95 A. The energy barrier
for this dissociation reaction is 3.11 eV with 1at8. The enthalpy differences increases as the
oxygen coverage increases. The activation energyefreactions increases for increasing

oxygen coverage.
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Reaction pathways of CO dissociation on Rh (111) different oxygen coverage
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Figure 23: Activation Energy of CO dissociationi&h (111) OML;0.25ML;0.50ML
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Geometry description of OML oxygen coverage

CO dissociation on Rh (111) surface is an endotlrepmocess for 2.26 eV. The most stable
initial adsorption site for CO molecule is hcp. Tihelecule is perfectly perpendicular to the
plane of the slab, and the C-O distance is 1.19h%& TS is late, with CO molecule cleaved
into C and O, whose reciprocal distance is 2.15é &hose angle with Rh is 64°. The C-Rh
distance is 1.97 A and the O-Rh distance is 2.0Thk final state has both C and O adsorbed
onto hcp sites, with a reciprocal distance of 274 hey form an angle C-Rh-O of 87°. The
C-Rh bond is 1.94 A and the O-Rh bond is 2.05 AyldFhe activation energy of the process
is 3.33 eV and the TS is late.

Geometry description of 0.25ML oxygen coverage

The introduction of an oxygen onto the surface,odulsd in fcc position, increases the
endothermicity of the dissociation process to %7 The initial most stable adsorption site
for the CO molecule is top. It is normal to thebsturface and the C-O distance is 1.16 A.
The TS of the reaction has C and O already sephtgtea mutual distance of 1.66 A. The
angle they form with the Rh atom is 49.5°, with thw side C-Rh and O-Rh respectively
1.95 A and 2.00 A long. In the final position C aDdare adsorbed onto fcc sites and they are
separated by 2.72 A. They form a angle in betwed?h@ of 87.4°. The C-Rh distance is
1.91 A, while O-Rh distance is 2.02 A. The activatenergy for the process is 4.59 eV. TS is

late.

Geometry description of 0.50M L oxygen coverage

The addition of a second oxygen in the fcc posiasrspectator to the reaction increases the
endothermicity of the dissociation process to 397 The most stable adsorption site for CO
is fcc. The molecule is perfectly perpendiculathte plane and the C-O distance is 1.18 A. TS
is late, with C and O already separated by 1.93e bond length of C-Rh and O-Rh are
1.97 A and 2.01 A respectively. The angle formedh®/three atoms C-Rh-O is 58.0°. The
final state has both C and O relaxed in fcc pasjtthus having all fcc sites occupied. The C-
O distance is 2.73 A and the angle C-Rh-O is 87TC4Rh bond is 1.94 A long and O-Rh is
2.01 A long. The activation energy of the dissaciatprocess is 5.19 eV with late TS.
Activation energies of the dissociation processtogr with enthalpy differences increase as

oxygen coverage increases.
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Reaction pathways of CO dissociation on Pt (100) different oxygen coverage
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Figure 24: Energy of CO dissociation on Pt (100)l0M25ML; 0.50ML
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Geometry description of OML oxygen coverage on Pt (100)

The CO dissociation on the Pt (100) surface withomggen coverage is an endothermic
reaction for 2.48 eV. The most stable adsorptida &r the CO molecule is the bridge
position, where C-O distance is 1.18 A and the blimel is perfectly perpendicular to the
surface plane. The TS is late, with C-O atoms sepdrby a distance of 1.78 A. The C-Pt is
2.06 A, while O-Pt length is 1.98 A. The angle fednby C-Pt-O is 52.0°. The final state
presents the C atom adsorbed in the hollow site@ratom in the bridge position with a
mutual distance of 3.55 A. The C-Pt bond lengtB.&1 A and O-Pt bond length is 1.98 A.
They form an angle C-Pt-O of 125.8°. The activatmergy of the process is 4.16 eV with
late TS.

Geometry description of 0.25ML oxygen coverage on Pt (100)

The addition of an oxygen atom in the fcc positaanspectator to the reaction changes the
energy difference between reactant and product8.%0 eV. CO is adsorbed in bridge
position, with a C-O distance of 1.17 A. The molecis perfectly perpendicular to the
surface. The TS is late, with C adsorbed in thatijposhollow and O in a sort of bridge
position. C and O are separated by 1.97 A. Theamiist respect to Rh of C and O is
respectively 2.05 A and 2.08 A. The angle C-Rh-67sl°. The final position presents C in a
hollow position, and O in an hybrid position betwdaridge and hollow. The mutual C-O
distance is 3.48 A, with C-Rh distance 2.04 A an®RiDdistance 1.91 A. The activation
energy of this process is 4.43 eV with late TS.

Geometry description of 0.50ML oxygen coverage on Pt (100)

The introduction of a second oxygen atom as spactathe reaction environment decreases
the endothermicity of the reaction respect to tI#RIL configuration to 3.48 eV. The most
stable adsorption site is again the bridge ondy wi€-O distance of 1.18 A and the molecule
which is perfectly perpendicular to the platinunface. The TS is clearly very similar to the
0.25 ML configuration, with C in a hollow positiaand O in a sort of bridge position. Their
reciprocal distance is 1.92 A , with a C-Pt distan€ 2.06 A and a O-Pt distance of 2.08 A.
The angle formed by C-Pt-O is 55.5°. The finalestaitthe reaction presents both C and O in
hollow positions, divided by 3.0 A. The C-Pt distanis 2.02 A and O-Pt is 2.14 A. The
activation energy of the process is 4.16 eV. Thasl&te. Trends of activation energy do not
follow the oxygen coverage. The activation energymaximum for the 0.25ML oxygen
coverage, and then decreases to 4.16eV for 0.5@vithalpy differences have the maximum

value on 0.25ML and then decreases for 0.50ML omygeverage.
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Reaction pathways of CO dissociation on Pt (110) different oxygen coverage
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Figure 25: Energy of CO dissociation on Pt (110)l0M25ML; 0.50ML
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Geometry description of OML oxygen coverage on Pt (110)

CO dissociation is an endothermic reaction for 2%60n the Pt (110) surface. The most
stable adsorption site for CO is the shortbridgeh whe CO molecule perpendicular to the
metal slab. The C-O distance is 1.18 A. TS of tissatiation reaction is late, with C and O
approximately in their final position, and well aleed. C-O mutual distance is 1.95 A, with
C-Pt distance 2.06 A and O-Pt distance 2.11 A. dihgle C-Pt-O is 55.8°. The final state
presents C in longbridge position and O in shadti position. Their reciprocal distance is
3.07 A with C-Pt distance of 2.02 A and O-Pt dis@of 2.00 A. The angle C-Pt-O is wide
99.2°. The activation energy for this process 423V with late TSs.

Geometry description of 0.25ML oxygen coverage on Pt (110)

The introduction of an adsorbed oxygen atom inldingbridge position increases the energy
difference between reactant and product to 3.53TdéM. most stable adsorption site for the
CO molecule is a shortbridge position, with a Ci€tahce of 1.17 A. The TS presents a late
behavior since C and O are separated by 2.16 A.CFRe distance is 1.93 A and the O-Pt
distance is 2.06 A. The angle they form with thea®im in between is 65.5°. The product is
has C adsorbed in between shortbridge and holleg,sand the O atom in a top position.
Their distance is 5.54 A. They distance from PL.BO A for C and 4.30 A for O. The angle

C-Pt-O is 121.4°. The activation energy of the pescis 5.24 eV with late geometry of TS.

Geometry description of 0.50ML oxygen coverage on Pt (110)

The CO dissociation on Pt (110) 0.50ML is less énelonic than the same dissociation at
0.25ML. The difference in energy between product seactant is 2.79 eV, with both oxygen

adsorbed on the longbridge position. The most statdsorption site for CO is top, with a C-O

distance of 1.18 eV. The TS of this dissociatiofate, with C and O that are separated by
2.25 A. The C-Pt distance is 2.08 A and the O-Btadice is 1.90 A. The angle C-Pt-O is
68.6°. The final position has both C and O posdmmt longbridge sites, with a reciprocal

distance of 4.08 A. C-Pt distance is 2.01 A whillOdistance is 2.08 A. The angle formed
C-Pt-O is quite flat, that is 171°. The activatemergy of this process is 4.14 eV with late TS.
The maximum enthalpy difference is for the 0.25Miygen coverage surface followed by

0.50ML and OML. The trend of activation energy do#s the same trend: 0.25>0.50>0ML.
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Reaction pathways of CO dissociation on Pt (111) different oxygen coverage
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Figure 26: Energy of CO dissociation on Pt (111y10; 0.25 ML; 0.50ML
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Geometry description of OML oxygen coverage

CO dissociation is an endothermic reaction on BL)kurface for 4.19 eV. The most stable
position for the adsorption of CO is the hcp sitae CO molecule is perpendicular to the
surface of the metal slab, with a C-O distance.d® . The TS for the reaction is very late,
with C and O configuration very similar to the puatl The C-O distance of the atoms is
1.68A, with a C-Pt distance of 1.94 A and a O-Btatice of 2.54 A. The angle formed by C-
Pt-O is 41.2°. The final state has C in hcp positamd O in fcc position. Their mutual
distance is 2.51 A, with a C-Pt distance of 1.96aA¢ a O-Pt distance of 2.17 A. The angle
formed by C-Pt-O is 74.6°. The activation energyhié dissociation reaction is 4.44 eV with
late TS.

Geometry description of 0.25ML oxygen coverage

A oxygen spectator atom is introduced in fcc positiThe endothermicity of the dissociation
process decreases to 4.06 eV. The initial mostestadsition for CO is fcc. CO molecule is

perpendicular to the plane formed by the metal,skdth a C-O distance of 1.18 A. The TS

for this reaction is late, since C and O are whkdheed, with C in hollow position and O

occupying a sort of bridge position, 2.11 A recigaity distant. The distance C-Pt and O-Pt
are respectively 1.95 A and 2.13 A. The angle itwben C-Pt-O is 62.1° wide. The final

state has both C and O in fcc position, with a mutlistance of 2.85 A. The distance C-Pt is
1.95 A while O-Pt distance is 2.10 A. The anglet@3Rs 89.3°. The activation energy for the
process is 4.92 eV with late TS.

Geometry description of 0.50ML oxygen coverage

A second oxygen spectator is added and the prastesss an energy difference between
product and reactant of 4.78 eV. The initial mastole CO site is the fcc site, with a
perpendicular molecule to the metal slab surfate C-O distance is 1.18 A. The TS has a
geometry analogous to that of 0.25ML, with C inlbwl position and O in a sort of bridge
position. The C-O mutual distance is in this cag® &, with C-Pt distance of 2.00 A and O-
Pt distance of 2.05 A. The angle formed by C-P&®2.4°. The final state shows both C and
O adsorbed on fcc sites, with a C-O distance @ 28The C-Pt distance is 2.00 A and O-Pt
distance is 2.06 A. The angle C-Pt-O is 88.5°. Tetevation energy for this process is 5.66 eV
with late TS. Enthalpy differences among differestirfaces follow the trend of
0.50ML>0ML>0.25ML; activation energy follow 0.50MI0>25ML>0ML trend.
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Reaction pathways of CO dissociation on Cu (100) different oxygen coverage
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Figure 27: Energy of CO dissociation on Cu (10®8D;0.25ML;0.50ML

Geometry description of OML oxygen coverage on Cu (100)

The CO dissociation on Copper surface (100) is radotermic reaction for 2.72 eV. The

most stable adsorption site for CO is the top pmsitThe molecule is perpendicular to the
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plane identified by the metal slab with a C-O disof 1.15 A. The TS is very late, with a
geometrical disposition of the C and O atoms vdoge to their final position. The C-O
mutual distance is 2.05 A with C-Cu distance of01/9and a O-Cu distance of 1.93 A. The
angle formed by the two atoms with the copper aw6#.7°. The final position shows both C
and O atoms adsorbed onto hollow positions, withuaual distance of 2.73 A. The C-Cu
distance is 1.82 A and the O-Cu distance is 2.05H& angle C-Cu-O is in the product state
89.7°. The activation energy of the dissociatioocess is 3.31 eV with late TS.

Geometry description of 0.25ML oxygen coverage on Cu (100)

The introduction of a oxygen atom in fcc adsorptgite as spectator to the dissociation
process lowers the energy difference between ptoand reactant to 2.67 eV. The most
stable adsorption position for CO molecule is tio#ldw site, which the molecule occupies
standing in a perfect vertical respect to the platentified by the metal slab. The C-O
distance is now 1.19 A. The TS is similar to th#D one , thus late. C occupies a hollow
position while O is adsorbed in a sort of bridgeition. Their reciprocal distance is 2.01 A,
with C-Cu bond length of 1.83 A and O-Cu bond léngt 1.91 A. The angle identified by C-

Cu-O is 64.9°. The final state has both C and Boitow position, separated by 2.83 A. C-Cu
distance is 1.84 A while O-Cu bond is 2.04 A lofige angle identified by C-Cu-O is 93.7°

wide. The activation energy of this dissociationgass is 3.11 eV with late TS.

Geometry description of 0.50ML oxygen coverage on Cu (100)

The introduction of the second oxygen atom as spacto the dissociation reaction in fcc site
decreases the endothermicity of the process to @50rhe most stable adsorption site for
CO is the bridge position, which is occupied byeafgctly perpendicular molecule, with a C-

O distance of 1.15 A. The TS does not differ frdrase on Cu (100) at OML and 0.25ML

coverage. C is adsorbed onto the hollow site, wlileccupies a sort of bridge position. They
are completely separated with a geometry typica tzte TS. Their reciprocal distance C-O
is 1.89 A. C-Cu are 1.95 A far away, while O-Cu separated by 2.05 A. The final state has
both C and O adsorbed onto hollow sites, sepatate?i87 A. The distance C-Cu is 1.83 A

while O-Cu 2.27 A. The angle formed by C-Cu-O is488The activation energy of this CO

dissociation is 3.89 eV and late TS. The enthalffgr@nces among different surfaces follow

the trend of OML>0.25ML>0.50ML,; activation energyllbw 0.50ML>0ML>0.25ML trend.
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Reaction pathways of CO dissociation on Cu (110) different oxygen coverage
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Geometry description of OML oxygen coverage on Cu (110)

The CO dissociation on Cu(100) is substantiallyagibrless reaction, with the same order of
magnitude of difference of energy between produck @actant and activation energy of the
process. The energy difference is 3.49 eV. The mtaile adsorption site for CO is the
shortbridge position with a perfectly vertical Cbond, 1.16 A long. The TS is very late, and
it shows both C and O separated in their final boidge position. They are separated by 2.35
A, forming a mutual angle respect to the Cu atordeulying in between C-Cu-O of 67.8°.
The C-Cu distance is 2.04 A and the O-Cu distasc217 A. The final state has the same
adsorption position but with C and O a little hitther. They are separated by 2.59 A and the
angle C-Cu-O with the underlying metal atom is 73%he C-Cu distance is 2.05 A and the
O-Cu distance is 2.24 A. The activation energyhefprocess is 3.50 eV and TS is late.

Geometry description of 0.25ML oxygen coverage on Cu (110)

The energy difference between product and readdh®3 eV for 0.25ML oxygen coverage.
The reaction is endothermic. The most stable atisorposition for CO is top position, with
a C-O distance of 1.15 A. The TS is late, with @adly cleaved from O and occupying the
longbridge position. C-O distance is 1.95 A. C-Gstahce is 1.86 A and O-Cu distance is
1.78 A. The angle in between C-Cu-O is 65.1°. Tinalfposition presents both C and O
adsorbed onto longbridge position, cleaved by &6Fhe C-Cu distance is 1.82 A and the
O-Cu distance is 1.84 A. The angle identified b GO is 173.1°. The activation energy of

the dissociation reaction is 5.52 eV with late TS.

Geometry description of 0.50ML oxygen coverage on Cu (110)

The introduction of the second oxygen atom adsodred the longbridge position increases
the endothermicity of the dissociation at 0.50MIspect to the 0.25ML to 3.37 eV. CO
assumes a position which is very similar to thesBIR initial site, with a tilted top position
and a C-O distance of 1.15 A. The TS of the readcimilar to that of 0.25ML, with C and
O well cleaved and C occupying the longbridge pasitThe C-O mutual distance is 3.11 A.
C-Cu distance is 1.82 A while O-Cu is 1.77 A. Tmgla formed by C-Cu-O is 119.7°. The
final state has both C and O adsorbed onto longbmubsition, with a mutual C-O distance of
3.65 A. The C-Cu distance is 1.82 A and the O-Gtadice is 1.83 A. The angle formed by C-
Cu-0 is 178.6°. The activation energy of the precebaracterized by a late TS, is 4.94 eV.
Enthalpy differences follow the following trend: @¥0.50ML>0.25ML,; activation energies
follow a different trend: 0.25ML>0.50ML>0ML.
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Reaction pathways of CO dissociation on Cu (111) different oxygen coverage
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Figure 29: Energy of CO dissociation on Cu (111)l0825ML; 0.50ML

Geometry description of OML oxygen coverage on Cu (111)

CO dissociation on the Cu (111) surface is endatlefor 4.12 eV. The initial position for
CO is the fcc site, which the CO occupies stayiegpendicular to the plane of the metal slab.
The C-O distance is 1.18 A. The TS is late, hadrggometrical structure which is similar to
the final state. C and O are separated by 1.88dwaeil cleaved. C-Cu distance is 1.89 A,
while O-Cu distance is 1.96 A. The angle formed®¢Zu-O is 58.5°. The final state shows
both C and O adsorbed onto fcc sites. Their mutisgnce is 2.58 A with a C-Cu distance of
1.88 A and a O-Cu distance of 1.90 A. The anglenlghted by C-Cu-O is 86.1°. The
activation energy for this process is 4.21 eV Watie TS.

Geometry description of 0.50ML oxygen coverage on Cu (111)

The introduction of two oxygen atoms as spectatothe CO dissociation reaction, both
adsorbed onto fcc site, brings the energy diffezdmetween product and reactant to 6.95 eV.
The most stable adsorption site for CO adsorpt®rithe fcc. The C-O distance in the

perpendicular bond respect to the plane identifigthe metal slab is 1.15 A. The TS is very
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late, with a geometry which is substantially ideatito the product. Both C and O are already
settled in the final fcc position, and they areaglksd by a C-O distance of 1.85 A. The C-Cu
distance is 1.92 A while the O-Cu distance is 1292Zhe angle C-Cu-O is 57.2°. The final
state has two atoms in fcc position, separated. 5§ &. The C-Cu distance is 1.96 A and the
O-Cu distance is 1.94 A. The C-Cu-O angle is 82I#% activation energy of the dissociation
process is 6.95 eV with late TS.
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Reaction pathways of CO dissociation on Ag (100) different oxygen coverage
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Figure 30: Energy of CO dissociation on Ag (100)LO&25ML;0.50ML
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Geometry description of OML oxygen coverage on Ag (100)

The CO dissociation on Ag (100) metal surface iadothermic reaction for 4.70 eV. The
most stable adsorption site for CO is top, in whiD is perfectly perpendicular to the metal
surface. The C-O distance is 1.15 A. The TS is \aitth C and O well separated by 2.27 A.
The C-Ag distance is 2.16 A and the O-Ag distaisc2.16 A too. The angle formed by C-Ag-
O is 63.4°. The final state shows both C and O pyitlg the fcc sites, a geometrical
configuration very simlar to the TS. C-O are sefmtdy 3.08 A, with C-Ag distance of 2.08
A and O-Ag distance of 2.29 A. The angle formeddg-O is for the finale state 89.6°. The

activation energy for this dissociation process.&leV and the TS is late.

Geometry description of 0.25ML oxygen coverage on Ag (100)

The introduction of a oxygen atom as spectatoh#odissociation process in the fcc position
lowers the endothermicity of the reaction respedhe O ML reaction. The energy difference
between product and reactant is 4.13 eV. The mabtesadsorption site for the CO molecule
is top position. The C-O bond distance is 1.17 Be T-O bond is perpendicular respect to
the plane identified by the silver slab. The TS & and O already cleaved, both in hybrid
position between bridge and hollow, a late TS gaaoaly very similar to that of OML. The
C-O distance is 2.40 A, with C-Ag distance of 280@nd O-Ag distance of 2.14 A. The angle
C-Ag-O is 69.7°. The final state shows both C anddSorbed on fcc sites, cleaved by 3.13
A. C-Ag distance is 2.08 A and O-Ag distance is42/8 The angle C-Ag-O is 90.0°. The

activation energy of the process is 4.64 eV with TES.

Geometry description of 0.50ML oxygen coverage on Ag (100)

The introduction of two spectator oxygen atoms bwthfcc position leaves the energy
difference between product and reactant substhntimlaltered, with a endothermicity of

4.12eV. The most stable adsorption site for CO mdéis the hollow site. The molecule is
slightly tilted with a C-O distance of 1.14 A. TR& is late, and very similar to both those of
0 ML and 0.25ML. C assumes a hollow position, whilehas a mixed position between
bridge and hollow. Their mutual distance is 2.35TAe C-Ag distance is 2.09 A, and the O-
Ag distance is 2.17 A. The angle C-Ag-O is 67.2RheTinal state shows both C and O
adsorbed on hollow sites, divided by 2.94 A. The\@distance is 2.17 A, while O-Ag

distance is 2.17 A too. The angle C-Ag-O is 85Te activation energy of the process is
5.50 eV with late TS. Enthalpy differences amonfjedent oxygen coverage follow the
following trend: OML>0.25ML>0.50ML, while the acttion energy follows this scheme:
0.50ML>0ML>0.25ML.
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Reaction pathways of CO dissociation on Ag (110) different oxygen coverage
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Geometry description of OML oxygen coverage on Ag (110)

The CO dissociation reaction is endothermic onAbg110) surface for 4.14 eV. The most
stable adsorption site is top position for CO. Theecule is perfectly perpendicular to the
plane identified by the metal slab, with a C-O aliste of 1.15 A. The TS is late, with C
positioned at the longbridge position and O atomtlo® shortbridge site. Their mutual
distance is 2.69 A, and C-Ag bond length is 2.1&ile O-Ag bond length is 2.08 A. The
angle in between is 80.0°. The final state showsatee both C and O in longbridge positions.
The C-O reciprocal distance is 4.16 A, equally diéd into C-Ag distance of 2.08 A and O-
Ag 2.08 A. The angle C-Ag-O is 176.6°. The activatenergy of the dissociation process is
5.53 eV with late TS.

Geometry description of 0.25ML oxygen coverage on Ag (110)

The introduction of a oxygen atom as spectatorh® dissociation process increases the
endothermicity of the dissociation reaction to €\88The most stable adsorption site for CO
is the longbridge position, where CO is perfecttypgendicular to the plane identified by the
metal slab. The C-O bond length is 1.15 A. The §Rie, with C and O already separated. C-
O distance is 2.66 A, with C-Ag distance of 2.08ufd a O-Ag distance of 1.96 A. The angle
C-Ag-O is 82.2°. The final state shows both C andrCthe longbridge positions, separated
by 4.16 A equally divided between 2.08 A of C-Agda@-Ag bond length. The angle in
between C-Ag-O is 176.1°. The activation energthefprocess is 6.95 eV. TS is late.

Geometry description of 0.50ML oxygen coverage on Ag (110)

The introduction of the second oxygen spectatomaitacreases the endothermicity of the
reaction to 4.70eV. The most stable adsorptionisitee same of 0.25ML oxygen coverage,
with CO molecule adsorbed in the shortbridge pasjtivith the C-O bond perpendicular to
the plane identified by the metal slab and 1.150Agl The TS is analogous to that of
0.25ML: C is in the longbridge position, well segted from the O atom which is occupying a
sort of top position. Their reciprocal distanceig4 A. The C-Ag distance is 2.06 A while
the O-Ag distance is 1.97 A. The angle C-Ag-O i585The final state presents both C and
O adsorbed on longbridge position, divided by 4& @qually divided between the C-Ag
bond length of 2.08 A and O-Ag one, long 2.08 A.tdte activation energy of this
dissociation process is 6.80eV with late TS. Trehdnthalpy difference follow the following
pattern: OML<0.25ML<0.50ML; trend of activation egg follow the same trend
OML<0.25ML<0.50ML.
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Reaction pathways of CO dissociation on Ag (111) different oxygen coverage
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Figure 32: Energy of CO dissociation on Ag (111)L08M25ML;0.50ML

Geometry description of OML oxygen coverage

CO dissociation on Ag (111) metal slab is an englotic reaction for 5.58eV. The most
stable adsorption site for CO is the top, with C@leunule which is perpendicular to the plane
of the metal slab. C-O bond length is 1.15 A. TI®iJ very late, since the geometry of the
TS is similar to the final state. In fact, evemifittle bit tilted both C and O occupy the final
fcc position, and are well cleaved. Their mutuaDGlistance is 2.38 A. C-Ag distance is 2.08
A while O-Ag is 2.15 A. The angle C-Ag-O is 68.5%he final state shows C and O in the
middle of fcc positions, divided by 2.94 A. The GAistance is 2.06 A, while O-Ag distance
is 2.13 A. The angle C-Ag-O is 89.1°. The activatenergy of this dissociation process is
5.70 eV with late TS.

Geometry description of 0.50ML oxygen coverage
The presence of two oxygen atoms spectator to igsodation process brings the energy
difference between product and reactant to 8.07d¥. most stable adsorption site for CO

molecule is fcc, with a C-O bond long 1.14 A andpeadicular to the plane identified by the
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metal slab. The TS is very late. C and O atomsvaet separated and on the verge of
occupying the fcc sites of the final state. C andr®divided by 2.69 A. C-Ag bond is 2.10 A
long while O-Ag is 2.15 A. The angle C-Ag-O is 78.The final state is similar to the TS,
with distances and angles stretched. C-O distan2eil A. C-Ag bond length is 2.10 A while
O-Ag is 2.16 A. The angle formed by C-Ag-O is 86.3he activation energy of the

dissociation process is 8.08e and the TS is veey la

Elementary Step: CH— C+H

CH dissociation has been analyzed on four differsatals (rhodium, platinum, copper and
silver) and on three different surfaces ((100),§3(1Q1)). Each reaction step is analyzed on
the same metal for the three different surfaceteims of geometry of the initial, final and

Transition State, together with an analysis ofdbivation energy.
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Reaction pathway of CH dissociation on Rhodium sugces
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Figure 33: Energy of CH dissociation on Rh (100)(Rh0) and Rh (111) surface
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Geometry description of CH dissociation on Rh (100)

CH dissociation reaction on Rh (100) is an exothemsaction for -0.14eV. The most stable
adsorption site for CH molecule is the hollow piosit CH molecule is perpendicular to the
plane identified by the rhodium slab. The C-H dis@ is 1.17 A. The TS has a late
geometrical configuration, with C and H perfectlgaved. The C atom occupies the hollow
site, while H atom is on a hybrid top-hollow pasiti Their mutual distance is 1.33 A. The C-
Rh distance is 2.01 A, the H-Rh distance is 1.74nA the angle C-Rh-H in between is 40.8°.
The final state of the dissociation has C in hollpesition and H in bridge position divided

by a reciprocal distance of 3.30 A. The C-Rh distais 1.99 A and the H-Rh distance is 1.77
A. The angle in between is 122.7°.The activatioargy of the reaction is 0.74 eV with late

TS.

Geometry description of CH dissociation on Rh (110)

The CH dissociation on Rh (110) surface is an estotic reaction for -0.30eV. The most
stable adsorption site for the CH molecule is lomge, where CH molecule binds perfectly
perpendicular to the plane identified by the mstaface. The C-H distance is 1.12 A. The TS
is late, with C and H molecule which are perfediiyaved at the highest energy point of the
MEP. C is adsorbed on the longbridge position, avhil is in a hybrid top-longbridge
position, analogous to the TS of the Rh (100). Thaitual C-H distance is 1.43 A, with C-
Rh distance of 1.94 A and H-Rh distance of 1.69#e angle formed in between C-Rh-H is
45.6°. The final state presents C in longbridgetmesand H in shortbridge position. Their
reciprocal distance C-H is 2.83 A, with C-Rh distf 1.93 A and H-Rh distance of 1.75 A.
The angle in between C-Rh-H is 100.3°. The activagnergy of the dissociation reaction is
0.32 eV with late TS.

Geometry description of CH dissociation on Rh (111)

CH dissociation reaction on RH (111) is an endathereaction for 0.57 eV. Hcp is the most
stable adsorption site for CH, which is perpendicub the plane identified by the slab and
has a C-H distance of 1.10 A. The TS is late, W@ithnd H atoms that are separated. C atom
occupies the hcp position while H stands in a ly/boip-hcp position which geometrically
reminds those TS of Rh (100) and Rh (110). The aluf4H distance is 1.42 A. The C-Rh
distance is 1.97 A and the H-Rh distance is 1.6%h% angle C-Rh-H is 44.7°. The final state
has both C and H atoms in hcp position separate?l 48/ A the C-Rh distance is 1.91 A and
the H-Rh distance is 1.82 A. The angle C-Rh-H i©94The activation energy of the process
is 1.09 eV with late TS.
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Reaction pathway of CH dissociation on Platinum suaces
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Figure 34: Energy of CH dissociation on Pt (100)(P10) and Pt (111) surface
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Geometry description of CH dissociation on Pt (100)

The CH dissociation is a athermic reaction, witthifeerence in energy between product and
reactant of 0.05eV. The search for the most statisorption site finds hollow one as the
initial position of the MEP, with C-H bond which jeerfectly perpendicular to the metal slab
plane and has a C-H distance of 1.10 A. The T8&tés C and H are already separated by 1.53
A. The C-Rh distance is 2.08 A and the H-Rh distaiscl.67 A. The angle in between is C-
Rh-H with 46.7°. This TS appears to be quite sintitaRh (100) TS. The final position hasC
in hollow position and H in bridge position, segarhby 3.33 A. The C-Rh distance is 2.02 A
while the H-Rh distance is 1.76 A. The angle C-RisH23.1°. The activation energy of the
dissociation reaction is 1.03eV and the TS is late.

Geometry description of CH dissociation on Pt (110)

The CH dissociation on Pt (110) molecule is a atiereaction, with a energy difference
between reactant and product of 0.01 eV. The Imtiast stable adsorption site for CH is a
hybrid shortbridge-hollow site, with C and H slilyhtilted and a C-H distance of 1.10 A. The
TS is late, with C and H separated. It is also @yals to the TS of CH dissociation on Rh
(110). C-H distance is 1.94 A, C-Pt distance igt80and H-Pt distance is 1.59 A. The angle
in between C-Pt-H is 63.0°. The final state is w@&hin longbridge position and H in
shortbridge position. Their mutual distance is 2883vith C-Pt distance of 2.02 A and H-PT
distance of 1.77 A. The angle in beween C-Pt-HsidQ The activation energy of the process
is 0.71 eV with late TS.

Geometry description of CH dissociation on Pt (111)

CH dissociation on Pt (111) is an endothermic ieadbr 0.97 eV. The most stable
adsorption site for CH molecule is the fcc sitejohhis occupied by the molecule in a perfect
perpendicular direction respect to the metal pldeatified by the Platinum plane. The C-H
distance is 1.10 A. The Transition State appeabetate, with C and H already separated,
and with a geometry which is similar to the Rh (lade. C-H distance is 1.69 A. C-Pt
distance is 2.04 A and H-Pt distance is 1.62 A. dimgle in between is 53.4°. The final state
presents both C and H atoms adsorbed onto fcg ditéded by 2.84 A. The C-Pt distance is
1.94 A, H-Pt bond is 1.89 A long and the angleétween C-Pt-H is 95.6°. The activation
energy of the process is 1.48 eV with a late TS.

74



Reaction pathway of CH dissociation on Copper surfees

(110) 2

0.00 -

2.50

(111)

2.00

1.50

E(eV)

1.00

0.50

0.00

| Ea=1.65 eV

i AH=135eV

Reaction Coordinate

| Eq=1.29eV

| AH=0.86 eV

_______ R 7
Reaction Coordinate

| E.q=2.10eV

| AH=1.84 eV

_______ N
Reaction Coordinate

Figure 35: Energy of CH dissociation on Cu (100), (10) and Cu (111) surfaces

75



Geometry description of CH dissociation on Cu (100)

CH dissociation on Cu (100) surface is an endotlereaction for 1.35eV. The most stable
adsorption site for CH is hollow. The CH molecussta C-H bond length which is of 1.11 A,
The molecule is perpendicular to the metal surfabe. TS is late, with C and H well cleaved;
C is occupying the hollow site and H is occupyingaat of bridge position. Their mutual

distance is 1.89 A. The C-Cu distance is 1.90 A #hedH-Cu distance is 1.69 A. The angle
C-Cu-H is 63.3°. The final state has both C andnthollow position. They have a C-H

distance of 2.58 A , C-Cu distance of 1.88 A an€iddistance of 1.86 A. The angle in
between is 87.5°. The activation energy of theatisgion reaction is 1.65eV and the TS is

late.

Geometry description of CH dissociation on Cu (110)

CH dissociation on Cu (110) is an endothermic reacfor 0.86 eV. The most stable

adsorption site for CH molecule is longbridge. Téxegth of the C-H bond is 1.10 A and the
bond is perfectly perpendicular to the plane idestiby the metal surface. The TS is late,
with C and H separated by 1.86 A. C and H respelstioccupy longbridge and a hybrid

short-longbridge position. The C-Cu distance i$6148and the H-Cu distance is 1.62 A. The
angle C-Cu-H is 64.3°. The final state has C irglmidge position and H in hollow position.

The C-H distance is 3.22 A and the C-Cu distandeds A. Finally the H-Cu distance is 1.74
A. The angle C-Cu-H is 127.8°. The activation egesfjthe process is 1.29 eV with late TS.

Geometry description of CH dissociation on Cu (111)

The dissociation reaction on the Cu (111) surfaendothermic for 1.84 eV. The most stable
adsorption site for the slab is the fcc. The lemgfthe C-H bond, which is perpendicular to
the plane identified by the metal slab, is 1.107TAe TS has the features of a lateness, with C
atom in the fcc site and H onto a sort of bridge.sthe C-H distance is 1.38 A. C-Cu
distance is 1.87 A and H-Cu distance is 1.67 A. Th6u-H angle is 45.5°. The final state
has both C and H in fcc position, which mutual atisie C-H is 2.59 A. C-Cu distance is 1.88
A and H-Cu distance is 1.69 A. The angle in betw@e@u-H is 93.1°. The activation energy

of the dissociation process is 2.10 eV with late TS
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Reaction pathway of CH dissociation on Silver surfees

(100)

2.00 A

E(eV)

1.00

0.00 -

0.00 -

E,=2.27 eV

AH =2.02 eV

Reaction Coordinate

E,=1.86 eV

! AH=1.49 eV

v
Reaction Coordinate

| Ea=2.43 eV

| AH=2.18 eV

_______ VY
Reaction Coordinate

Figure 36: Energy of CH dissociation on Ag (100y, A10) and Ag (111) surfaces

Geometry description of CH dissociation on Ag (100)

CH dissociation on Ag (100) is an endothermic rieactfor 2.02 eV. The most stable

adsorption site for CH is hollow, which is occupiega perfectly perpendicular CH molecule
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respect to the plane identified by the metal sEie C-H bond length is 1.11 A. The TS is
very similar to that of Cu (100) with the typicaatures of lateness. C occupies a hollow
position, while H is in a sort of bridge positiddoth atoms are well separated by 2.12 A. The
C-Ag distance is 2.16 A and the H-Ag distance 811A. The angle identified by C-Ag-H is
63.6°. The final state has both C and H adsorbedotiow position, divided by 2.94 A. The
C-Ag distance is now 2.11 A and the H-Ag distar&@.i10 A. The angle C-Ag-H is now
88.8°. The activation energy of the process is 22 With late TS.

Geometry description of CH dissociation on Ag (110)

The CH dissociation reaction is an endothermictreador 1.49 eV on Ag (110) surface. The
search for the most stable adsorption site findsi€E hybrid shortbridge-hollow position,
very similar to initial position of CH dissociatiamm Pt (110). CH molecule occupies a tilted
position with a C-H bond length of 1.10 A. The T&hhe characteristics of lateness, with C
and H well cleaved and respectively occupying loage shortbridge position. The TS is
similar to CH dissociation onto Cu (110). The C-Hitoal distance is 1.96 A, with C-Ag
distance of 2.11 A and H-Ag distance of 1.84 A. Thé&g-H angle is 59.2°. The final state
has C in longbridge position, while H occupies #dw site. The C-H distance is 3.58 A; the
singular C-Ag and H-Ag distances are respectiveD@ A and 1.88 A. The angle C-Ag-H is
129.2°. The activation energy of the process i €8 and TS is late.

Geometry description of CH dissociation on Ag (111)

CH dissociation is an endothermic reaction for 2eM8 on Ag (111). The most stable
adsorption site is the fcc, occupied by a perfepypendicular to the plane of the metal
surface C-H molecule, whose C-H bond length is B10he TS is late, with C occupying

the fcc position and H, well cleaved, in a sorbdgtige position, 1.88 A far away from C. C-
Ag distance is 2.11 A and H-Ag distance is 1.77TRe C-Ag-H angle is 57.2°. The final

state has both C and H in fcc position, separaye2l®6 A. The single C-Ag distance is 2.08
A and H-Ag distance is 1.85 A. The C-Ag-H angle9ia3°. The activation energy of this

dissociation reaction is 2.43eV and the TS is late.

Elementary Step: CH, - CH+H

CH, dissociation has been analyzed on four differestais (rhodium, platinum, copper and

silver) and on three different surfaces ((100),§3(1Q1)). Each reaction step is analyzed on
the same metal for the three different surfaceteims of geometry of the initial, final and

Transition State, together with an analysis ofdbtvation energy.
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Reaction pathway of CH dissociation on Rhodium surfaces
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Figure 37: : Energy of CHdissociation on Rh (100), Rh (110) and Rh (111)
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Geometry description of CH dissociation on Rh (100)

CH, dissociation on Rh (100) is an exothermic react@mn-0.82 eV. The most stable initial
adsorption site for CHmolecule is the hollow one, which Gldccupies being tilted towards
the top position. C-H bond length for the £htolecule is 1.11 A, with a H-C-H angle of
90.1°. A first screening of the NEB calculation faua saddle point which had a geometrical
composition between the relaxed initial positiord @ne Transition State and had an energy
level lower than that of reactant. Thus, that imediate image was relaxed and a new NEB
calculation started from a configuration of CH addalready separated, meaning that the
position had a late geometrical configuration resge the CH molecule. This image has
both CH and H molecule already separated. The T®ddn the second NEB is for this
reason late, with CH and H that appear to havestimee geometrical configuration of the
second initial position. C-H distance in the CH ewile is now 1.11 A but the C-H distance
of the cleaved H atom is 1.61 A. The C-Rh distaacz 15 A, while H-Rh distance is 1.60 A.
The C-Rh-H angle is 48.1°. The final state is repréed by CH adsorbed on the hollow site
in perfectly vertical position respect to the pladentified by the metal slab, with a C-H
distance of 1.10 A. The C-H distance of CH molecelpect to the separated H atom is 3.08
A. The C-Rh distance is 2.12 A. The H-Rh distarscé.77 A. The C-Rh-H angle is 104.5°.

The activation energy of the dissociation procegsactically null, 0.01 eV with late TS.

Geometry description of CH, dissociation on Rh (110)

CH, dissociation on Rh (110) is an exothermic reaction -0.47 eV. The most stable
adsorption site for the initial GHnolecule is longbridge, with both H perpendicutathe C-
Rh bond. Both C-H distances are 1.11 A, with a H-@ngle of 111.8°. The TS is late, with
CH molecule which is well cleaved from the H atorhe C-H distance in the C-H molecule
is 1.11 A, and the distance C-H cleaved is 1.60Te angle C-Rh-H is 48.0°. The C-Rh
distance is 2.10 A, while the H-Rh distance is 147 The final state presents CH adsorbed on
the longbridge site, while H is located on the #itmiiige position. The C-H distance in the
CH molecule is 1.13 A, while the C-H distance frime H separated is 2.88 A. The C-Rh-H
angle is 101.6°. C-Rh distance is 1.95 A and H-Rkadce is 1.77 A. The activation energy
of the entire dissociation process is 0.16 eV &edTiS is late.

Geometry description of CH dissociation on Rh (111)

CH, dissociation on Rh (111) is an exothermic reactmn-0.46eV. The most stable initial
adsorption site is the fcc one, occupied by adifi#, molecule, whose C-H distance is 1.11
A and H-C-H angle is 98.5°. As already describedGét, dissociation on Rh (100) a first
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screening of the NEB calculation found a saddlenpdietween the relaxed initial
configuration of the Ckimolecule and the TS. This intermediate positiod Aayeometrical
configuration similar to the TS and an energy lelsVer than that of the adsorbed £H
molecule on the metal surface. For this reasom#ve position was relaxed and introduced as
a initial position of a new NEB calculation, whiskarted from a geometrical configuration
already similar to the TS. This is the reason why TS is intended to be late. The C-H bond
length in the CH molecule is 1.10 A. The C-H distufrom the H cleaved atom is 1.49 A.
The C-Rh distance is 2.05 A while the H-Rh distaisc#.63 A. The C-Rh-H angle is 46.0°.
The final state has CH molecule adsorbed in thep@isition, with a C-H bond long 1.10 A
and perfectly perpendicular to the plane identifisdthe metal surface. The C-H cleaved
atom distance is 2.74 A. The C-Rh distance is A 9&hile the H-Rh distance is 1.81 A. The
C-Rh-H angle is 92.4°. The activation energy of dissociation process is 0.06 eV with late
TS.
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Reaction pathway of CH dissociation on Platinum surfaces
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Geometry description of CH dissociation on Pt (100)

CH, dissociation on Pt (100) is an exothermic reactmn-0.22 eV. The most stable initial
state for CH is bridge position, with both H atoms perpendicttathe direction identified by
the C-Pt bond. The C-H distance in the xQHolecule is 1.10 A, with a H-C-H angle of
114.2°. The TS appears to be half way between eadylate, with CH and H well separated.
The C-H distance in the CH molecule is 1.09 A, wiiie C-H cleaved distance is 1.47 A.
The C-Pt distance is 2.01 A, the H-Pt distance63 &. The C-Pt-H angle is 46.0°. The final
state shows CH in hollow position with C-H bonddémof 1.10 A and perpendicular to the
plane identified by the metal slab.H is adsorbe@ dénidge position. The C-H distance is 3.22
A, with C-Pt distance of 2.19 A and H-Pt distanéd.@6 A. The C-Pt-H angle is 108.5°. The
activation energy of the dissociation processi3 BV and the TS is mixed early and late.

Geometry description of CH dissociation on Pt (110)

CH, dissociation on Pt (110) is an endothermic reactor 0.31 eV. The most stable initial
adsorption site for CHis shortbridge, with H atoms normal to the directidentified by the
C-Pt bond. The C-H bond length is 1.10 A, with aCHH4 angle of 115.2°. The TS is
intermediate between early and late, with CH andliddved but still close. C-H distance in
the CH molecule is 1.10 A, while C-H separatedatiise is 1.55 A. C-Pt distance is 1.93 A
and H-Pt distance is 2.34 A. The C-Pt-H angle id 41T he final state has C-H bond length of
the CH molecule of 1.10 A, with the molecule adsorlin the fcc position. The H atom is
adsorbed in the opposite shortbridge position, 401ar away from the molecule. The
activation energy of the dissociation process ¥21leV and the nature of the TS is

intermediate between early and late.

Geometry description of CH, dissociation on Pt (111)

CH, dissociation on Pt (111) is an exothermic reaction -0.36 eV. The most stable
adsorption site for CHis the bridge position, with both H atoms normalthe direction
identified by the C-Pt bond. C-H distance is 1.18r the H-C-H angle is 112.7°. The TS of
the reaction is late, with CH and H well cleavebleT-H distance in the CH molecule is 1.10
A, while the C to the H atom separated distance48 A. The C-Pt distance is 2.13 A while
the H-Pt distance is 1.66 A. The C-Pt-H angle i9%1The final state of the dissociation
reaction has CH in fcc position as well as H atdhe mutual C-H separated distance is 2.85
A. The C-H distance in the H molecule still remain$0 A. The C-Pt-H angle is 94.4°. C-Pt
distance is 2.00 A and H-Pt distance is 1.87 A. @bsvation energy of the dissociation
process is 0.32 eV and the TS is late.
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Reaction pathway of CH dissociation on Copper surfaces
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Figure 39: Energy of Chldissociation on Cu (100), Cu (110) and Cu (111jaes
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Geometry description of CH dissociation on Cu (100)

CH, dissociation on Cu (100) is an endothermic reacfior 0.51 eV. The most stable
adsorption site for CHis hollow, with both H atoms at 1.12 A from themt with an angle
H-C-H of 99.0°. The TS is late, with CH in hollowgition and H in a sort of bridge position.
The C-H bond length in the CH molecule is 1.10 Ajiler the distance of C from the H
cleaved atom is 1.76 A. The C-Cu distance is 2.08he the H-Cu distance is 1.68 A. The
C-Cu-H angle is 55.1°. The final state of the disstoon elementary act has both CH and H
in hollow position. The C—H bond in CH moleculesidll 1.10 A while the C-H distance is
4.94 A. The C-Cu distance is 2.00 A while the Hdistance is 1.87 A. The C-Cu-H angle is
85.0°. The activation energy of the process is @V With late TS.

Geometry description of CH dissociation on Cu (110)

CH, dissociation on Cu (110) is an endothermic reacfiar 0.57 eV. The most stable
adsorption site for Ckis the hollow one, with C-H distance of 1.11 A an#i-C-H angle of
105.6°. The TS of the reaction is late, with a getsioal conformation of CH and H. CH and
H appear to be cleaved with a C-H bond length énGH molecule of 1.10 A. The distance C-
H separated is instead 1.73 A. The C-Cu-H angk6i8°. The C-Cu distance is 1.96 A and
the H-Cu distance is 1.67 A. The final state presdmth CH and H in hybrid position
shortbridge-hollow. The C-H bond length in the Chblecule is 1.10 A while the C-H
distance is 3.58 A. The C-Cu distance is 1.98 AthedH-Cu distance is 1.70 A. The C-Cu-H
angle is 152.8°. The activation energy of the pssads 1.08 eV and the TS is late.

Geometry description of CH dissociation on Cu (111)

CH, dissociation on Cu (111) is an endothermic reacfior 0.78 eV. The most stable
adsorption site for CHis fcc, with a C-H distance of 1.11 A and H-C-Hyknis 105.4°. The
TS is late, with the geometrical configuration thts lost all the initial features of the
reactant and resembles the product. The CH molepgears well cleaved from the H atom,
with a C-H bond length in the CH molecule of 1.09The C-H distance instead is 1.84 A.
The C-Cu distance is 1.91 A and the H-Cu is 1.58 e C-Cu-H angle is 62.8°. The final
state has both CH and H adsorbed onto two adj&cepbosition. The C-H bond length is still
1.10 A while the distance between the CH moleculd the H atom is increased to the 2.60
A. The C-Cu distance is now 1.91 A and the H-Cuadise is 1.67 A. The C-Cu-H angle is

92.9°. The activation energy of the dissociatioocpss is 1.04 eV and the TS is late.
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Reaction pathway of CH dissociation on Silver surfaces
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Figure 40: : Energy of Chldissociation on Ag (100), Ag (110) and Ag (111jases
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Geometry description of CH dissociation on Ag (100)

CH, dissociation on Ag (100) is an endothermic reactior 1.29 eV. The most stable
adsorption site for CyH molecule is bridge with the two H atoms perpenidicuo the
direction identified by the C-Ag bond. The C-H diste is 1.10 A and the H-C-H angle is
111.6°. The TS is late, with CH and H well cleavEde C-H bond length in the CH molecule
is 1.09 A while the distance of CH molecule andtétais 2.07 A. The C-Ag distance is 2.28
A while H-Ag distance is 1.83 A. The C-Ag-H angi59.2°. The final state presents both
CH and H adsorbed on hollow site, with a mutual @lktance of 2.98 A the C-H bond
length in the CH molecule still remains 1.11 A, lehthe C-Ag distance is 2.22 A and the H-
Ag distance is 2.10 A. The C-Ag-H angle is 87.2ReTactivation energy of the dissociation
process is 1.43 eV and TS is late.

Geometry description of CH dissociation on Ag (110)

CH, dissociation on Ag (110) is an endothermic reactior 1.38 eV. The most stable
adsorption site for CHmolecule is longbridge with the two H atoms pasigad in the
direction perpendicular to that identified by theAG bond. The C-H distance is 1.10 A and
the H-C-H angle is 110.5°. The TS is late, with @kl cleaved from the H atom. The C-H
bond length in CH molecule is 1.11 A while C-H diste, intended as the distance between
CH molecule and H atom is 2.01 A. The C-Ag-H arigl9.2°. the C-Ag distance is 2.22 A
while the H-Ag distance is 1.79 A. The final stat®duct presents CH in a hybrid hollow-
shortbridge position, while H is adsorbed on a dr@lge position. The mutual C-H distance
in the CH molecule is 1.10 A, while the C-H distaraf the two molecules is 4.11 A. The C-
Ag distance is 2.13 A and the H distance is 4.6Tife C-Ag-H angle is 62.8°. The activation
energy of the process is 1.90 eV and the TS is late

Geometry description of CH, dissociation on Ag (111)

CH, dissociation on Ag (111) is an endothermic reacfar 1.45 eV. The most stable initial
position for CH is the fcc position. The C-H distance is 1.10 Al ahe H-C-H angle is
106.7°. The TS of the reaction appears to be \th, CH in fcc position and H atom in a sort
of a bridge position. The C-H bond length is 1.10vAile the C-H distance between the CH
and H molecules is 1.80 A. The C-Ag distance i® Aland the H-Ag distance is 1.74 A. The
C-Ag-H angle is 55.0°. The final state shows botH @xd H adsorbed in fcc position
separated by 2.97 A. The C-H bond length in ther@tiecule is 1.10 A. The C-Ag distance
is 2.10 A and the H-Ag distance is 1.83 A. The GiAgngle is 97.5°. The activation energy

of the dissociation process is 1.72 eV.
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Summary of the CO dissociation
The following table is collecting all parametersioferest described in the previous pages
about CO dissociation. This parameters will be exetl in Chapter 4 for the validation of

semiempirical models that are BEP and UBI.

Metal Coverage AH, (eV) Eacil(eV) Nature of
surface Effect the
(ML) Transition
State
Rh(100) 0 1.45 2.39 Late
0.25 1.61 2.82 Late
0.50 2.66 2.94 Late
Rh(110) 0 1.13 2.28 Late
0.25 141 2.83 Late
0.50 2.33 3.11 Late
Rh(111) 0 2.26 3.33 Late
0.25 3.37 4.59 Late
0.50 3.97 5.19 Late
Pt(100) 0 2.48 4.16 Late
0.25 3.50 4.43 Late
0.50 3.48 4.16 Late
Pt(110) 0 2.46 3.42 Late
0.25 3.53 5.24 Late
0.50 2.79 4.14 Late
Pt(111) 0 4.19 4.44 Late
0.25 4.06 4.92 Late
0.50 4.78 5.66 Late
Cu(100) 0 2.72 3.31 Late
0.25 2.67 3.11 Late
0.50 2.50 3.89 Late
Cu(110) 0 3.49 3.50 Late
0.25 2.93 5.52 Late
0.50 3.37 4.94 Late
Cu(111) 0 412 4.21 Late
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Metal Coverage AH, (eV) ExcleV) Nature of

surface Effect the
(ML) Transition
State
0.25
0.50 6.95 6.95 Late
Ag(100) 0 4.70 5.24 Late
0.25 4.13 4.64 Late
0.50 4.12 5.50 Late
Ag(110) 0 4.14 5.53 Late
0.25 4.38 5.95 Late
0.50 4.70 6.80 Late
Ag(111) 0 5.58 5.70 Late
0.25
0.50 8.07 8.08 Late

Table 2: Evaluation ofiH,, E,.: and Nature of the Transition State for CO dissticia

Summary of the CH dissociation

The following table is collecting all parametersioferest described in the previous pages
about CH dissociation. This parameters will be eitetl in Chapter 4 for the validation of
semiempirical models that are BEP and UBI.

Metal AH; (eV) Eaci(eV) Nature of the
surface Transition State
Rh (100) -0.14 0.74 Late

Rh(110) -0.30 0.32 Late

Rh(111) 0.57 1.09 Late

Pt (100) 0.05 1.03 Late

Pt(110) 0.01 0.71 Late

Pt(111) 0.97 1.48 Late

Cu (100) 1.35 1.65 Late

Cu(110) 0.86 1.29 Late

Cu(111) 1.84 2.10 Late

Ag (100) 2.02 2.27 Late

Ag(110) 1.49 1.86 Late
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Metal AH, (eV) ExcleV) Nature of the
surface Transition State
Ag(111) 2.18 2.43 Late

Table 3: Evaluation ofiH,, E,; and Nature of the Transition State for CH disstioia

Trends of enthalpy difference and activation enaxfgthe process have a stable order, which
is always respected among different surfaces of ddwme metal. in terms of enthalpy
difference and activation energy of the dissocratithe minimum value is (110), followed by
(100) and (111). The characteristics of the TSsaresilate over all surfaces.

Summary of the CH, dissociation
The following table is collecting all parametersioferest described in the previous pages
about CH dissociation. This parameters will be eietl in Chapter 4 for the validation of

semiempirical models that are BEP and UBI.

Metal AH; (eV) Eaci(eV) Nature of the
surface Transition State
Rh (100) -0.82 0.01 Late

Rh(110) -0.47 0.16 Late

Rh(111) -0.46 0.06 Late

Pt (100) -0.22 1.17 Intermediate
Pt(110) 0.31 1.42 Intermediate
Pt(111) -0.36 0.32 Late

Cu (100) 0.51 0.71 Late

Cu(110) 0.57 1.08 Late

Cu(111) 0.78 1.04 Late

Ag (100) 1.29 1.43 Late

Ag(110) 1.38 1.90 Late

Ag(111) 1.45 1.72 Late

Table 4: Evaluation ofiH,, E,.; and Nature of the Transition State for CtHssociation
Trends exist for enthalpy difference and activatemergy on different surfaces of the same
metal. Excluding the dissociation of €ldn Pt, which is characterized by a different koid
TS, the difference of enthalpy is decreasing is #ense: (100)<(110)<(111); the activation
energy is always decreasing in this sense foraheeametal: (100)<(111)<(110).
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CHAPTER 4. BEP and UBI assessment.

This chapter, on the basis of the data calculatedhapter 3, performs a detailed assessment
of BEP relationship and UBI-QEP method, in orderhighlight the validity and understand

the limitations of each approach.

4. Assessment of BEP and UBI method

Chapter 4 deals with the analysis of DFT and MER dallected and described in Chapter 3
for the validation and assessment of semi-empinathods and correlations. Among all the
methods present in literature, this work is focusedhe validation of BEP and UBI methods,
which are widely used in chemical catalysis. Threeasment step needs the location and deep
understanding of universalities that hold amonded#int metals, different surfaces of the
same metal, different classes of reaction thatagteptifferent surfaces of different metals.
This understanding step is crucial not only for ttadidation of a model which is able to
predict the activation energy of a chemical stegeigithermo-chemical properties of the
reactant-product environment, but also for the a@i@nsion of the chemical-physics of the
reacting systems. The Chapter 4 is organized woparts: in the first part the BEP method
is validated for CO, CH and GHilissociation, while in the second UBI method islgred
and validated for the same reactions. Each seetiinprovide a zoom in from the most
general grouping among all dissociation reactianshe analysis of the effect of metal or
surface on the single reaction path and consequentits activation energy.

Assessment of Brgnsted—Evans—Polanyi relation (BEP)

BEP model, as described in Chapter 2, revealsftinatactions exists a linear relationship
between the activation energy of the process amdlifference in enthalpy between reactants
and products for the dissociative adsorption. Tésessment and validation gives an answer
to the question of which classes of reaction confthis semiempirical relationship.

BEP validation on dissociation reactions

The whole amount of DFT data and calculation refgrto the dissociation reactions of CO,
CH and CH molecules are collected in a plot of activatiorergly (Ec) against enthalpy
change AH).
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BEP BEP Parity Plot
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Figure 41: Plots of activation energy (Eact) agdittse enthalpy changgf) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onribét) for CO, CH, CH dissociation on various metals,
surfaces and oxygen coverage

We can notice that for a first order interpolatguch as that of BEP method, all dissociative
reactions investigated fall into the same line tfog range of enthalpy change investigated,
which is approximately 10 eV. This is due to thet that all dissociative reactions of CO, CH
and CH are characterized by the same nature of the Tram$State (TS), which is late. The
fact that the TSs have a geometrical configurdtian is late is also confirmed by the slope of
the BEP interpolation line, which is 1.00, a vathat is very close to one. As reported in the
work of Michaelides et al. [9] a slope close to tlnaity reveals for surface dissociation
reactions to have late TSs. The low dispersionatd dlong the interpolation line is confirmed
by the parity plot on the right of the figure abpwehich is confirming the fact that all

dissociation reactions are characterized by theesB

In order to highlight universalities of dissociattoamong structures and metals we will now

analyze different trends for different effects.

BEP validation on dissociation reactions on Rh sudces.

The first effect this analysis is interested inthe effect of metal. DFT data have been
collected for CO, CH and CHlissociation on the rhodium surfaces for the insgtion of
the BEP line.
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BEP BEP Parity Plot
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Figure 42: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onribét) for CO, CH, CH dissociation on different surfaces
of Rh metal

Rhodium surfaces are characterized by the presdriaee TS, and this is evident in the value
of the slope of the BEP interpolation line whichmsre than one (1.09), clearly indicating a
late TS. Both slope and intercept (0.77) of thee ldo not differ from the general trend,

meaning that Rh surfaces perfectly suit the gerteead. The dispersion of BEP calculated
data is good, as represented in the parity plahefright of Figure 42 and presented by the
R?=0.97 of the distribution along the BEP line.

BEP validation on dissociation reactions on Pt su#ces.
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Figure 43: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onribét) for CO, CH, CH dissociation on different surfaces
of Pt metal
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BEP evaluation among CO, CH and Ldlissociation reaction on platinum surfaces has bee
presented in the figure above. The slope of therpatation line is close to one, with a value
of 0.99, meaning that the general trend for theineadbf the TSs on platinum is late. The
intercept is now slightly changed from the genémahd even if the dispersion of data along
the interpolation line still remains good. Thisdge to the fact that the BEP theory has the
advantage of having two parameters (slope andcepeiof the line) that can be changed for a
good predictivity of the model. The parity plot the right of the figure proves a good ability
of BEP to predict the activation energy of dissbeeastep on Platinum surfaces, within the

+10% corridor.

BEP validation on dissociation reactions on Cu su#ces.
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Figure 44: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onribét) for CO, CH, CH dissociation on different surfaces
of Cu metal

Dissociation reaction universality have been ingas¢d on copper surfaces for CO, CH and
CH, dissociation reactions. The BEP interpolation nh@gl@ow more scattered respect to the
previous metals, especially for the two points tiatoutside the copper BEP general line,
which are Cu (110) 0.25ML and Cu (110) 0.50ML. mstcase the general trend is not
followed because sterical effects due to the shatite constant of the copper surface attend.
The character of the TS remains late, with a slufp@ 99, perfectly aligned with the general
trend, even if the dispersion of data is worsenethb presence of two outliers. Parity plot on
the right of Figure 44 confirms this misalignmemtween DFT value for activation energy

and BEP foreseen one.
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BEP validation on dissociation reactions on Ag su#ces.
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Figure 45: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onribét) for CO, CH, CH dissociation on different surfaces
of Ag metal

Dissociation reaction universalities have been stigated on silver surfaces, with the results
reported in Figure 45. The character of the TSsareslate, as described in Table 2-3 as it is
announced by the slope of the BEP interpolatioe lvhich is higher than the unity. The
dispersion of data remains good, as verified byRfe0.91 on the plot on the left of the
Figure 45 and the parity plot on the right of iheTintercept of the line is changed respect to
the global BEP line (0.44) even if the general dresrespected.

BEP validation on dissociation reactions on (100usfaces.

The second subsection of this BEP assessment analgals with the interpretation and
exploiting of universalities that can exist amomgsdciation reactions that occur on the same
low index surfaces, but catalyzed by different typie metals. The focus is aimed at
highlighting the similarities and differences thatcur among different metal catalyst,

identifying general BEP trends, whenever possible.
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Figure 46: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onrigét) for CO, CH, CH dissociation on (100) metal

surfaces

CO, CH and CHldissociation DFT data have been collected amofigreint metal supports
(Rh, Pt, Cu, Ag) on the same structure (100). Topesof the BEP interpolation line is 1.00,

implying the presence of a late TS for dissociaiowestigated. The intercept of the line is

0.79, which gives an idea of the order of magnitafiehe activation energy of the process.

The dispersion of data is good, with afF®92, which means that universalities are valid fo

dissociation reactions on different metal clusteits the same (100) structure.

BEP validation on dissociation reactions on (110usfaces.
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Figure 47: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onrigét) for CO, CH, CH dissociation on (110) metal

surfaces
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BEP relationship has been investigated for dissiocia on different metals for the (110)
surfaces. The slope of the BEP interpolation Iskigher than 1 (1.18), meaning that the TSs
of dissociation reactions on (110) is very lateeThact of taking samples for the BEP
assessment that are smaller and smaller tendsvéotgithe BEP interpolation a character
which is more sensible to small changes and tol letectronic or sterical effects. The
intercept of the line remains in line with the gextdrend (0.65) and the dispersion of data,
presented by both %R0.91 and the parity plot on the right of the figuabove, is good.
Among different metals for dissociation reactioe ttharacter of the TS is kept constant and
late on (110) surfaces. The point far away fromdbwefidential bound is the Cu(110) surface
at 0.25ML of oxygen coverage, which has strong istaffects on the geometrical
configuration of the TS.

BEP validation on dissociation reactions on (111usfaces.
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Figure 48: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onrigét) for CO, CH, CH dissociation on (111) metal
surfaces

BEP trends have been investigated for dissociagaations on the (111) metal surfaces of
(Rh, Pt, Cu, Ag). The slope of the interpolationeliconfirms the presence of late TSs on
(111) surfaces with a numerical value of 0.96, vdoge to 1. The geometrical nature of the
TS is kept constant among different metals of tived dissociation reactions, and this is
confirmed by the very small dispersion of data gltme BEP interpolation line and along the
parity plot reported on the right of the figure &boAll points tend to stay within the +10%
corridor.
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BEP validation on dissociation reactions of biatond molecules

BEP assessment has been performed for dissocwtimatomic molecules. The focus of this
section is the search of stronger universalitiedifferences respect to a general dissociation
framework, analyzing in details BEP scaling trefimisCO and CH molecules dissociation,

excluding the presence of GBFT data.
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Figure 49: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onrigét) for CO, CH dissociation on various metals,
surfaces and oxygen coverage

CH and CO dissociation data are collected for thentification of universalities that are
typical only of biatomic molecules dissociation.eTgeneral plot, collecting all DFT data
presents a late character of the TSs. This is goakof the general dissociation BEP trend.
The slope of the BEP interpolation line is 0.97 &ne intercept is 0.91, a value which is
higher respect to the general dissociation linags Bhggests that the dissociation of biatomic
molecules intrinsically requires a higher activatenergy respect to the dissociation of 8 CH

molecule.
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BEP validation on dissociation reactions of biatond molecules on Rh surfaces
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Figure 50: BEP analysis (on the left) and paritptpbf activation energy calculated by BEP and DB the
right) for CO, CH dissociation on Rh metal

The effect of metal is investigated for dissociatiof the class of biatomic molecules on
rhodium surfaces and for different oxygen coverdde slope of the BEP interpolation line
respect to the CHcomprehensive one is remained practically unalt€¢ie07 versus 1.09)

still indicating the late nature of the TSs on rinoal. The intercept of the line has increased
from 0.77 to 0.81, indicating that the energy floe dissociation of a biatomic molecule is
intrinsically higher than for the dissociation ofGiH, molecule. Analogies are present for

dissociations of bi- and triatomic molecules fagdiciations on rhodium surfaces.

BEP validation on dissociation reactions of biatona molecules on Pt surfaces
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Figure 51: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onrigét) for CO, CH dissociation on Pt metal
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Universalities for dissociation of biatomic moleesilhave been investigated analyzing the
effect of the change of structure for the sameimplat metal. The slope of the BEP
interpolation line has a value of 1.01, respeca .99 value of the global dissociation BEP
trend. This means that the nature of the TS hasaired the same among platinum. TSs still
have late configuration. The parity plot on thentigonfirms that the BEP relationship is able
to predict the activation energy of a dissociatstep for biatomic molecules within the
confidential bound of +10% because of analogiesvben bi- and triatomic dissociation TS

geometries.

BEP validation on dissociation reactions of biatond molecules on Cu surfaces
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Figure 52: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onrigét) for CO, CH dissociation on Cu metal

The effect of structure change for the activatioergy of biatomic dissociation reactions has
been studied for the copper surface. The slopge@BEP interpolation line has the value of
0.92 which is representative for the lateness of TBaracterizing this class of reactions.
Respect to the global BEP plot, the intercept @f lihe has increased to a value of 0.93,
respect to 0.62. This is a warning for the factt tdessociation of biatomic molecules

intrinsically needs higher quantity of energy. Th® points affected by sterical effects still

lie outside the confidential bound and affect tHeiRlex, which is worsened respect to the

global case because of a smaller sample.
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BEP validation on dissociation reactions of biatond molecules on Ag surfaces
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Figure 53: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onrigét) for CO, CH dissociation on Ag metal

The effect of change of structure of the catalgstthe activation energy of the biatomic
dissociative steps on silver catalysts has beessiigated in Figure 53. The slope of the BEP
interpolation line is 1, indicating the perfectdatature of the TSs on silver surfaces. The
intercept of the line has increased from 0.44 tol0indicating that the intrinsic energy
needed for the dissociation of biatomic molecukesigher respect to that needed for the
dissociation of ChHl molecules. The dispersion of data along the iolatpn line is 0.87,
with the BEP model which is able to predict theivation energy of dissociative steps of

biatomic molecules on silver surfaces.

BEP validation on dissociation reactions of biatoma molecules on (100) surfaces

In the three following paragraphs the effect of thange of metal type within the same slab
structure on the activation energy of dissociatitaps of biatomic molecules is analyzed. The
aim of this assessment is the clear identificatbbruniversalities among the same class of
reaction, which is the dissociation of biatomic ewlles and on the same structure of the
catalyst. The assessment of BEP relationshipeisdhsequence of the identification of these

general rules of similarities.
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Figure 54: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onribét) for CO, CH dissociation on (100) metal saaoés

DFT data have been collected in a plot of activaoergy against enthalpy change for CO
and CH dissociation reactions on (100) surfaces. difaracter of the TSs is still late, having
the BEP line a slope of 1.00. The scattering ofidatstill acceptable, with a’R0.90, as
confirmed by the parity plot on the right of Figusé. The intercept between the analogous
plot for CO, CH and CHldissociation reactions is higher (0.84 agains®).7

BEP validation on dissociation reactions of biatona molecules on (110) surfaces
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Figure 55: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onribét) for CO, CH dissociation on (110) metal saaoés

The effect of change of metal type on the activatemergy of dissociation reactions of
biatomic molecules has been investigated collediiRf data for (110) surfaces. The slope of

the line has the value that indicates the preseica late TS (1.18), confirming the
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conclusions regarding geometrical configurationTaible 2-3. The intercept of the BEP
interpolation line is 0.66 and the dispersion afda represented by ££90.89. Parity plot on

the right of the figure above shows the abilityBEP relationship to evaluate the activation
energy of a dissociation process for biatomic mdkeon (110) metal surfaces, highlighting

the presence of analogies for TSs among this oflassaction.

BEP validation on dissociation reactions of biatond molecules on (111) surfaces
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Figure 56: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onrigét) for CO, CH dissociation on (110) metal suoés

The effect of the change of metal on the activagoergy of the dissociation reaction for
biatomic molecules on (111) surfaces is analyzethis paragraph. The slope of the line
(0.93) is indicating the presence of late TSs f@ &d CH dissociation on (111) surfaces.
The nature of the TSs influences also the dispersialata along the BEP interpolation line.
R?=0.96 is representative for a TS character thatiesnconstant for this surface, for the
class of reaction of biatomic molecules. The palot on the right of the figure above proves
that the comparison between DFT and BEP data betotige +10% corridor.

BEP validation on dehydrogenation reactions
BEP assessment has been performed for the cladehydrogenation reactions, that are

represented by the CH and gHissociation. A global BEP plot is reported foistklass of
reaction.
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BEP BEP Parity Plot
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Figure 57: BEP plot (on the left) and parity pldtaxctivation energy calculated by BEP and DFT (e tight)
for CH,, CH dissociation reaction

The BEP plot shows that the model is able to ptedle activation energy of a
dehydrogenation dissociative step. The slope ofBR® interpolation line is 0.75, which
accounts for the late nature of the TSs for thas<lof reaction, while the intercept is 0.7025.
No further investigation on the metal or structeffects have been conducted for this class of

reaction.

BEP validation on dissociation reactions of triatont molecules, CH dissociation

The second class of reaction whose universalige® been investigated is the dissociation of
triatomic molecules. The collected DFT data fostbliass have been the dissociation oh CH
molecule on rhodium, platinum, copper and silver(d@0), (110) and (111) metal surface.
For this reason, this section corresponds to tbetification of BEP trends and universalities
of triatomic and CH dissociation because Gldissociation reaction has been investigated as

representative for all triatomic molecules dissbora
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Figure 58: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onrigét) for CH, dissociation on all metal surfaces

The slope of the BEP line shows a slope of 0.7284¢h implies the presence of a late TSs
among all dissociation. Two points are unrelateth®&o BEP line, and this is due to the fact

that these two outliers are referred to the Pt HD@ Pt (110) surface dissociation, which are

characterized by an intermediate TS between eadyae (Table 4). If one could exclude the

two outliers point from the BEP interpolation, oweuld notice a slope of the BEP line of

would increase to 0.7953 and the dispersion of debald be better, for the points

characterized by the late TS.
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Figure 59: Plot of activation energy (Eact) agaiestthalpy changedH) and BEP interpolation of points
characterized by a late TS for GHissociation
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This case can be taken as negative example fod#mtification of what universalities are.
The power of BEP theory lies in the conservatiothef characteristics of the TSs among the
class of reaction analyzed. BEP works appropriagetgvided that universalities are
conserved; a critical analysis of semiempirical moes is always needed. However, the BEP
trend presents the typical features of late TS witfpod predictivity of the model, apart from

the two outliers.

BEP validation on dissociation reactions of CHon Rh surfaces
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Figure 60: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onribét) for CH, dissociation on rhodium surfaces

Universalities of CH dissociation have been investigated for dissamaton rhodium
surfaces (100), (110), (111). The slope of the BiErpolation suggests the presence of a
mixed early and late TS, but the slope of thisrpiation is affected by the small sample
size, which is the minimum for a linear interpadati The distribution of the data along the
BEP interpolation line is affected too by the snsaimple taken into account, with no point
belonging to the +10% corridor in the parity plot the right.

106



BEP validation on dissociation reactions of CKHon Pt surfaces
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Figure 61: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onrigét) for CH, dissociation on platinum surfaces

BEP trends have been investigated on Pt (100),)(®t@ (111) surfaces. The BEP
interpolation is affected by the presence of twisothat do not belong to the general trend
of late TSs. However the BEP analysis can be cdedubut with a slope of 1.2964, which is
due to the two outliers, and the dispersion th&taselevated, with just one point belonging to
the 10% confidential bound of the parity plot oe tight. This is both due to the presence of

different natures of the TSs both to the small daropnsidered.

BEP validation on dissociation reactions of CHon Cu surfaces
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Figure 62: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onright) for CH, dissociation on copper surfaces
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CH, dissociation data are used for the BEP assessamehinvestigation of universalities
among different surfaces for copper catalysts. $lope of the BEP interpolation line is
0.8641, thus agreeing with the general trend wisitgttes that Cidissociation on copper
have late TSs. The dispersion of data appears togbeif only evaluated by &0.3671 but
this is because the narrow range of enthalpy @iffee, which introduces a larger dispersion if
seen in a small scale. The parity plot on the rajhthe figure above shows that even with a
higher dispersion, the DFT and BEP activation epeage not far from the 10% limits,

because of the same nature of the TSs.

BEP validation on dissociation reactions of Chlon Ag surfaces
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Figure 63: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onrigét) for CH, dissociation on silver surfaces

CH, dissociation has been investigated exploitingsimae metal, which is silver, on the three
different low index surfaces that are (100), (1E0)d (111). The slope of the BEP
interpolation line is 2.0545 which is much highkan the expected value for late transition
states as the ones on silver surfaces are. Theatioti for this lies in the small sample which
amplifies the minimum errors, making the interpolatto lose its physical interpretation.
More tests are needed for the validation of the BE® The small sample also affects the
dispersion of data at’R0.4965, even if the parity plot on the right shawat three points

belong to the 10% limits. This is because tHfeifRan index of the how well data fit the
statistical model, and do not give information abthe quantity of scattering of the single

points.
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BEP validation on dissociation reactions of Cklon (100) surfaces
This section of the work deals with the identifioat of general trends of dissociation
reactions for triatomic molecules respect to theeséow index surfaces, whose benchmark is

represented by DFT data coming from Qtissociation.
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Figure 64: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onrigét) for CH, dissociation on (100) surfaces

BEP trends are herein investigated on (100) susfémeCH dissociation. All slab spear to
belong to a single BEP trend but one, that is thietpreferring to the reaction on Pt (100),
which is characterized by a intermediate earlylat@l TS. All other metals show a late nature
of the TSs. This discrepancy causes the pointrmeéeto Pt (100) to be far away from the
others and thus not belonging to the same intetipaléine. If one could exclude the Pt (100)
from this analysis, the interpolation BEP line wabble with a higher slope and with a smaller
data dispersion. Parity plot on the right shows pemts whose activation energy has been
overestimated by BEP relationship, one underestichakhis discrepancy is explained by the

change of the nature of TSs.
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BEP validation on dissociation reactions of Cklon (110) surfaces
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Figure 65: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onrigét) for CH, dissociation on (110) surfaces

The search of general trend for triatomic moleculssociation has analyzed the effect of

change of metal for the same low index (110) sexfddiree points belong to one BEP trend,

while the fourth one lies apart from the generahtt. That the point refers to Pt (110), which

has the mixed early and late TS. If one could edelirom the BEP interpolation this point,

the resulting line would have a higher slope, tgpmf late TSs, and a lower data dispersion.

In the parity plot above, there are two point whitiee BEP activation energy is overestimated

while it is underestimated for Pt (110).

BEP validation on dissociation reactions of Chlon (111) surfaces
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Figure 66: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onrigét) for CH, dissociation on (111) surfaces
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CH, dissociation has been investigated on all (11ifasas on Rh, Pt, Cu, Ag metals. The
search of general trends show a good agreementebetBEP and DFT calculations,
implying that the nature of TSs is late on all floer metals analyzed. This behavior is
reflected on the slope of the interpolation lineickhis 0.8075. The dispersion of data is very
good, with a R=0.9838. As the parity plot on the right of Figusé is showing, the BEP
interpolated energies belong to the +10% corridor.

BEP validation on dissociation reactions of CH moleule
The analysis of universalities for the validatidnB&P relationship needs the definition of a
class of reactions. This section of the work death the analysis of DFT data coming from

the class of reaction which is a reaction itsék, €H dissociation.
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Figure 67: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onrigét) for CH dissociation on all metals and swrés

All DFT data of CH dissociation performed on rhadiuplatinum, copper and silver on the
(100), (110) and (111) metal surface are repontetheé plot above for the investigation of
unique trend of BEP relationship. The nature of Ti®s is late for this class of reaction as
described in Chapter 3 and indicated by the sldpthe BEP interpolation line, which is
0.7508. The low data dispersion is index of thd fhat the nature of the TSs remains the
same among all metals and surfaces, but also bedhesunbalancing of reactants and
products on the various metals and surfaces is amabfe and follows the same trends. For
example, adsorption energy of CH on Rh (100) i©véighan on Rh (111) which is higher
than on Rh (110). The behavior of the C+H systemaseh the following order for rhodium
surfaces: (100)>(110)>(111). The (100)>(111)>(1is®ept on all metals for CH adsorption
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stability, while (100)>(110)>(111) order is condtdor C+H adsorption stability. This clear

trend gives regularity to the trends, identifyinget BEP interpolation line which holds a low
dispersion of the calculated data. Parity plot lo@ tight of the figure above shows that the
BEP interpolated data lie on the bisect of thet fiyqgadrant. Universalities are in this case

evident for CH molecule dissociation.

BEP validation on dissociation reactions of CH on R surfaces
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Figure 68: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onrigét) for CH dissociation on rhodium surfaces

BEP assessment has been performed on rhodium esirdachree low index metal surfaces
(100),(110),(111). The BEP interpolation line thgbuhis point has a slope which indicates
the nature of a late TSs. Its value is in fact OtlA@t has to be compared to a reference value
of 1. The dispersion of the point along the BER lia R=0.85, with the parity plot on the
right of figure above which do not belong to thed%d confidential bounds. This discrepancy
is simply due to a numerical problem, linked to fhet that the activation energy of the
dissociation process on those two rhodium surfaseaumerically small. Even a little
discrepancy between the BEP calculated value am®HET one is larger than the 10% of the

measure.
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BEP validation on dissociation reactions of CH on Psurfaces
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Figure 69: Plots of activation energy (Eact) agdittee enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onribét) for CH dissociation on platinum surfaces

The validation and investigation of BEP relatiopshhave been performed for platinum
(100),(110),(111) surfaces. The slope of the lise0i66 and confirms the fact that CH
dissociation has a late TS. This value is closen®, even if the small sample of three data
introduces an error which is also affecting thatgaolot on the right of the figure above. The
small R=0.85 appears to represent a good agreement betBEEnforeseen activation
energy and the DFT collected ones but two poirgsoaitside the +10% corridor. This is due

to the fact that the sample is represented onlthime data, and any small error can affect the
interpolation.

BEP validation on dissociation reactions of CH on @ surfaces
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Figure 70: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onribét) for CH dissociation on copper surfaces
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Copper metal provides a clear example of the engst®f universalities and analogies for CH
dissociation TSs which are the basis for the emcsteof BEP relationship. In this case the
slope of the BEP interpolation line is 0.82, whpdrfectly confirms the late nature of the TSs
on Cu. In this case the absence of any scattefitigednterpolated values on the BEP line is
the perfect confirm that the TS of the CH dissacraimaintains the same nature and, mutatis
mutanda, the geometrical configurations among waflases. The parity plot on the right of
Figure 70confirms the very little scattering fronetinterpolation BEP line.

BEP validation on dissociation reactions of CH on 4 surfaces
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Figure 71: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onribét) for CH dissociation on silver surfaces

Ag (100), (110) and (111) surfaces provide a cee@mple of universalities that hold among
different surfaces for CH dissociation. In fact thlepe of the interpolation BEP line is
0.8063, very close to the value of CH dissociabonCu and also in this case the value is
confirming the late nature of the TS. The very Iseattering of data along the BEP line is
also further proof of the nature of lateness of fh®&s, with the same geometrical
configuration among all different surfaces and $hee order of destabilization for reactants
and products for silver surfaces. This good agrexinetween BEP theory and DFT collected
data is evident in the R=0.9975 of the distributidipoints along the interpolation line and in

the parity plot on the right, with the three poistaying upon the bisect of the first quadrant.

BEP validation on dissociation reactions of CH on1(00) surfaces
In this section of the chapter the investigationumiversalities and the search for analogies

between the TSs of CH dissociation among the samfacgs, collecting data coming from
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different metals. The quest is to find if and whi£mB relationships hold among different

metals for the same surface.
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Figure 72: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onrigét) for CH dissociation on (100) surfaces

CH dissociation data have been collected for tiees@ 00) slab structure for the four Rh, Pt,
Cu, Ag metals. The result shows a slope of the BE®rpolation line which is 0.65 and

shows the clear nature of the Transition Stateldfdidsociation on the (100) surface, which
is late. The intercept is 0.89, which gives theaid®f the order of magnitude of the

dissociation energies. Moreover, the very littlspdirsion of the data along the interpolation
line shows that the geometry and the electronite sitthe Transition State is kept on each
metal surface, no matter the metal analyzed. Pplitiyon the right of the figure shows that
all BEP against DFT points belong to the £10% clanri
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BEP validation on dissociation reactions of CH onl(10) surfaces
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Figure 73: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onrigét) for CH dissociation on (110) surfaces

A BEP analysis has been performed on CH dissoaidbo the (110) metal surface. The

universalities, that are the analogies present gnddferent TSs of this class of reaction still

holds. BEP line is valid and validated. The slofpegh® BEP interpolation line is slightly
increasing respect to that of (100) surface, gtin@.83, but showing however the late nature
of the TS on this surface. Thé=R®.99 indicates that the geometrical and electretrigcture

of the Transition State on (110) surfaces is kepistant for all metals. Parity plot on the right

show that all points stay within the confidentialinds.

BEP validation on dissociation reactions of CH onl(11) surfaces
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Figure 74: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onrigét) for CH dissociation on (111) surfaces
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BEP analysis is focused on the CH dissociationtierselected metals on the (111) surface.
The collected data proves to have a slope of 0.B@hvshows the clear late nature of the
Transition State on (111) surfaces of CH dissammtin line with the value of the global plot.

The intercept of the plot is 0.73, which is aligriedhe values of the same class of reaction.
The low scattering of data along the BEP line tymcal feature of CH dissociation, due to

the fact that the Transition State keeps the sagoengtrical and electronic structure among
all Transition States on (111) surface. Each BEBugeDFT point stay on the bisector of the

first quadrant, proving a good theory to theoryeagnent.

BEP validation on dissociation reactions of CO molaule

The analysis of universalities for the validatidnB&P relationship is focused in this section
of the work on the class of CO dissociation reasiorhe framework is structured with the

first analysis of a global BEP trend, then to timalgsis of the structure effect on the same
metal and finally to the metal effect on the sarmacsure. The aim is the individuation and

validation of BEP trends for the selected classeattion.
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Figure 75: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onrigét) for CO dissociation on all metals and swés

Universalities among CO dissociation on rhodiunatipbim, copper and silver (100), (110),
(111) surfaces are herein investigated. No oxygeerage is considered in this section of the
work. The BEP interpolation line shows a slope 4120 indicating the late nature of TSs of
CO dissociations, as reported in Table 2. The ¢efar of the BEP line is 1.55, showing that
CO dissociation needs a higher intrinsic energyttiercleavage of the C-O bond respect for

example of C-H bond. The®R0.898 is a good indicator of the data dispersiohich are

117



more scattered than those referring to CH dissociaf his is due to the fact that C and O
molecules do not show clear trends in the desraitin of the reactant system (CO
adsorbed) and the product system (C and O cleadsdrlzed) as indicated in the B.E.
description paragraph. There is no clear orderestabilization for reactants and products
thus the TSs have the same geometrical naturearbuaffected by an additional electronic

effect which is further scattering data along th&PBine.

BEP validation on dissociation reactions of CO on R surfaces
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Figure 76: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onrigét) for CO dissociation on rhodium surfaces

CO dissociation DFT data have been collected fdrlalat the three different metal surfaces.
The results shows a good agreement between theil&fpolation line and the DFT data.

The theory to theory comparison confirms the presenf late TSs on the various rhodium
surfaces with a slope of 0.98 for the BEP line. T™ata dispersion is very good, with a
R?=0.97. This is confirmed also by the parity plottbe right-hand side of the figure above,
which has all the points obtained from the integgioh with a lower error than 10% respect to
the DFT ones. The existence of universalities isfiomed for the CO dissociation on

rhodium surfaces.
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BEP validation on dissociation reactions of CO on tPsurfaces
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Figure 77: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onribat) for CO dissociation on platinum surfaces

CO dissociation universalities have been analyreglatinum surfaces. The result is affected

by the small smaple used for the BEP interpolatrdmch presents a slope of 0.38, index of a

early TSs, and a intercept of 2.85, value of atitwaenergy which does not fit the global

trend. More points are needed for the validatiothtsf BEP line.

BEP validation on dissociation reactions of CO on @ surfaces
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Figure 78: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onrhat) for CO dissociation on copper surfaces

CO dissociation DFT data have been collected feritllividuation of a BEP trend among

different surfaces of the same copper metal slab.résult shows a slope of 0.62, confirming
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the late character of the TSs on copper metalttathtercept is 1.52, in line with the general
trend for activation energy. The dispersion of datgood, with the parity plot on the right of
Figure 78 that shows the alignment of DFT and BER dvithin the +10% corridor. The

existence of analogies are confirmed on coppersast.

BEP validation on dissociation reactions of CO on g surfaces
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Figure 79: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onrhat) for CO dissociation on silver surfaces

The BEP interpolation line for CO dissociation d®@) (110) and (111) surfaces on silver
metal shows a slope which is indicating the preseot a late TS among the different
surfaces. The intercept is 1.38 which is aligneth\the previous reported interpolation. The
dispersion of data is good, with 4.94 and a parity plot on the right of the figpresented

above which shows all points belonging to the £1lo#its. The existence of a general BEP

trend among different surfaces on silver metabisficmed.

BEP validation on dissociation reactions of CO on1{00) surfaces
In this section of the chapter the quest of uniaigiss is analyzed for CO dissociation on the
same metal structure at different metals. The &rslysis is referring to (100) surfaces for

rhodium, platinum, copper and silver.
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Figure 80: Plots of activation energy (Eact) agdittse enthalpy changgf) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onrhat) for CO dissociation on (100) surfaces

The analysis of CO dissociation for the four seldcmnetals of (100) surface brings to the
identification of a BEP interpolation line whosegt is 0.83 implying the presence of a late
TS. The data dispersion is good with &85, as confirmed by the parity plot on the right

hand side of the figure above. The existence ologies among the same metal structure for

different metals is confirmed for the (100) surfader the dissociation of carbon monoxide.

BEP validation on dissociation reactions of CO on1(10) surfaces
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Figure 81: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onrhat) for CO dissociation on (110) surfaces

BEP assessment has been performed for CO dissociath (110) surface, with the

investigation of general trends for TSs. The slop8.66 indicates an intermediate early and
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late TS, with a late character that is prevalehis Tonfirms the late character of TSs for CO
dissociation. The intercept is 1.57, aligned wiltle tactivation energy of the global CO
dissociation. The data dispersion is good as inedcan the parity plot on the right of Figure
81, with all points belonging to the 10% confidahtlimits for the theory to theory
comparison between DFT and BEP.

BEP validation on dissociation reactions of CO molule on (111) surfaces
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Figure 82: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onrhat) for CO dissociation on (111) surfaces

CO dissociation universalities have been investigdbr the CO dissociation on (111) metal
surfaces. The slope of the BEP interpolation I@®.i70, aligned with the global BEP trend
for CO dissociation and with the geometry of thesTS$he intercept is aligned with the
general BEP too, with a value of 1.60. Data didparsepresented in the parity plot of the

right is good, with all data belonging to the 10&tror.

BEP validation on dissociation reactions of CO molaule: oxygen coverage effect

In the last part of BEP validation the focus is mdwo the insertion of oxygen coverage

effects in the CO dissociation seen in the previparsgraphs. The cleavage of the structure
and metal effects on universalities from the oxygewverage effects is due to the fact that the

interpretation of both effects together could lead not clear identification of general trends.
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Figure 83: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onriggét) for CO dissociation on all metals and surés at O,
0.25, 0.50 ML oxygen coverage.

CO dissociation data have been collected on the sdat for all metals (Rh, Pt, Cu, Ag) for
all low index surfaces ((100),(110),(111)) and &ach different oxygen coverage situation
(0,0.25,0.50ML). The BEP interpolation line showslape of 0.83, which according to the
literature is representative of late TSs. The imserof oxygen does not change the nature of
TSs for CO dissociation. The slope respect to bseace of coverage for CO dissociation has
increased. The intersect of BEP line is remained game (1.55 against 1.55) because the
order of magnitude of the activation energy for @i€sociation has remained the same, even
with added oxygen atoms. The range of enthalpefice has increased to 10eV. Data are
more scattered respect to the no coverage CO dsisoc because oxygen coverage
introduces further electronic contribution and isteffects to the determination of TSs. The
good agreement between BEP and DFT is presente iparity plot on the right of Figure
83.
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BEP validation on dissociation reactions of CO on R surfaces: oxygen coverage
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Figure 84: Plots of activation energy (Eact) agdittee enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onribét) for CO dissociation on rhodium at 0, 0.2650 ML

oXxygen coverage

CO dissociation on rhodium surfaces show late BS=oafirmed by the slope of the line. The

slope and the intercept is close between the cgeeamd no-coverage dissociation (0.96
against 0.98; 1.12 against 1.09). The dispersiaatd is with a low scattering with’#£0.88.

All points tend to stay in the +10% corridor excéptthe Rh (100) 0.5ML activation energy,

because CO introduces a higher steric effect résped! others in the TS, while its geometry

does not appear to change among surfaces. Uniesare confirmed to exist for rhodium

surfaces with oxygen coverage.

BEP validation on dissociation reactions of CO on tsurfaces: oxygen coverage
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Figure 85: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onribét) for CO dissociation on rhodium at 0, 0.2650 ML

oxygen coverage
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CO dissociation DFT data for 0.25 and 0.50 ML oxygmverage have been analyzed
together with OML for platinum surfaces. The sl@bf¢he BEP interpolation line confirms the
fact that TS is quite late, with a value of 0.68isIvalue is higher than the no-coverage slope
(0.68 against 0.38) which needed more points fervilidation of global trend. The result
with more points is closer to the general BEP sld@p&ta dispersion is R0.64, and all data

fit the parity plot, staying within the £10% corad

BEP validation on dissociation reactions of CO on @ surfaces: oxygen coverage
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Figure 86: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onribat) for CO dissociation on copper at 0, 0.25%5@ ML
oxygen coverage

Copper shows for the BEP interpolation of oxygewetage dependency for CO dissociation
a slope of BEP interpolation line of 0.70. The eabf 0.62 for the no coverage dissociation
trend is comparable. The intercept has increased .52 to 1.91, with a worsening of the
data dispersion #0.60). This dispersion has to be addressed t@ stéfects affecting the
geometry of TSs, since copper has the smallestdatbnstant among all metals considered.
The trends in enthalpy difference do not follow sa@ne trends of the activation energy as
indicated in chapter 3. This two effects turn omtintroduce spurious contribution in the

identification of a unique and clear BEP trend.
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BEP validation on dissociation reactions of CO on g surfaces: oxygen coverage
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Figure 87: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onrigét) for CO dissociation on silver at 0, 0.2550 ML
oxygen coverage

CO dissociation on silver surfaces show late TSsoasirmed by the slope of the line which
is 0.70. Respect to the absence of oxygen covetiags)ope of the line has decreased, while
both the intercept and the dispersion of data hiasieased. However the parity plot on the
right-hand of the figure above shows a good agreemetween DFT and BEP interpolation

line.

BEP validation on dissociation reactions of CO on 100) surfaces: oxygen
coverage

In this section of the chapter the quest of uniaigiss is analyzed for CO dissociation on the
same metal structure at different metals, inclugomts referring to 0, 0.25, 0.50 ML. The

first analysis is referring to (100) surfaces foodium, platinum, copper and silver.
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BEP BEP Parity Plot
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Figure 88: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onribét) for CO dissociation on (100) surface at0025,
0.50 ML oxygen coverage

The dissociation of carbon monoxide has been irgagsd on the (100) surfaces at the three
oxygen coverage (0, 0,25, 0,50 ML). The slope af BEP interpolation line is 0.91,
representing the late nature of TSs on (100) sestathe slope of the BEP line has increased
respect to the no-coverage interpolation (0.83) thiedintersect has moved to 1.16. the data
dispersion has increased, with &B.79 respect to 0.85, because sterical effectsnaréng

the linearity of the BEP line. The parity plot dretright describes a good agreement between
BEP and DFT data.

BEP validation on dissociation reactions of CO on 1(10) surfaces: oxygen

coverage
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Figure 89: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onribat) for CO dissociation on (110) surface at0025,
0.50 ML oxygen coverage
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CO dissociation reaction has been investigated Ibrf140) surfaces, with each oxygen
coverage (0,0.25,0.50 ML). Universalities have bmmd to exist among different oxygen
coverage, and the slope of the BEP line (1.064)tifles the presence of late TSs. The value
is higher of the reference one because of datadiim, with a B=0.7365. Two exceptions
from the general trend, outside the £10% corrigbothie parity plot, are Cu 0 and 0.25ML
which are affected by steric effects due to thelklaéice constant of the metal itself.

BEP validation on dissociation reactions of CO on 1(11) surfaces: oxygen

coverage
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Figure 90: Plots of activation energy (Eact) agdittse enthalpy changgfl) (on the left) and parity plot of
activation energy calculated by BEP and DFT (onribét) for CO dissociation on (111) surface at0025,
0.50 ML oxygen coverage

The DFT data coming from CO dissociation on (1liffexes at the three different oxygen
coverage have been plotted for the identificatibowerall trends for the validation of BEP
line. The slope of the line is 0.78, close to tladue of 0.70 respect to the no-coverage CO
dissociation on (111) surfaces. The nature of tBs Temains late, as the intercept which
passes from 1.60 to 1.62 with the oxygen coverape.dispersion of data is good, with all
points belonging to the 10% corridor. This chamastie of good dispersion is commonly
found for (111) surface, which is the most crowdeatbng (100) and (110).

Comparison table for BEP assessment

The data for BEP interpolation obtained in the mes paragraphs are reported in the

following comparison table.
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Reaction Metal Surface E° Yp R?
All All All 0.7823 0.9993 0.9199
All Rh All 0.7689 1.0926 0.966
All Pt All 0.9909 0.9941 0.9503
All Cu All 0.6164 0.9996 0.8489
All Ag All 0.4446 1.0503 0.9126
All Al (100) 0.788 1.0019 0.915
All All (110) 0.6527 1.1823 0.9108
All All (111) 0.6207 0.9595 0.9722

CH,CO All All 0.9131 0.9711 0.8938

CH,CO Rh All 0.8149 1.0746 0.9481

CH,CO Pt All 0.927 1.0116 0.927

CH,CO Cu All 0.9308 0.921 0.7747

CH,CO Ag All 0.7063 1.0003 0.8672

CH,CO All (100) 0.8368 0.9969 0.8962

CH,CO All (110) 0.6636 1.1835 0.8871

CH,CO All (111) 0.7937 0.9267 0.9572

CH,CH, All All 0.7025 0.7515 0.889
CH, All All 0.6838 0.7234 0.772
CH, Rh All 0.4296 0.5615 0.6998
CH, Pt All 1.0852 1.2964 0.6444
CH, Cu All 0.4081 0.8641 0.3671
CH, Ag All -1.1349 2.0545 0.4965
CH, All (200) 0.7321 0.528 0.5922
CH, Al (110) 0.7567 0.8611 0.8351
CH, Al (111) 05021 0.8075 0.9838
CH All All 0.7316 0.7508 0.9704
CH Rh All 0.6801 0.7743 0.8468
CH Pt All 0.8473 0.6591 0.8535
CH Cu All 0.5782 0.8153 0.9958
CH Ag All 0.6594 0.8063 0.9975
CH Al (100)  0.8905 0.6485 0.9751
CH Al (110) 06175 0.8304 0.9917
CH Al (111)  0.6574 0.8029 0.9957
CO All All 1.5502 0.7203 0.8858
CcO Rh All 1.0851 0.9781 0.9671
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Reaction Metal Surface Eg Yp R?

CO Pt All 2.8539 0.3793 0.5125
CO Cu All 1.5198 0.6247 0.8636
CO Ag All 1.376 0.7859 0.9358
CO All (100) 1.4295 0.8265 0.8496
Cco All (110) 1.5664 0.6647 0.9037
CO All (111) 1.595 0.699 0.9496
CO, oxygen coverage All All 1.5487 0.8293 0.8114
CO oxygen coverage Rh All 1.1234 0.9592 0.8817
CO oxygen coverage Pt All 2.155 0.6774 0.6449
CO oxygen coverage Cu All 1.9139 0.6992 0.6045
CO oxygen coverage Ag All 2.3564 0.7001 0.652
CO oxygen coverage All (100) 1.1511 0.9147 0.787
CO oxygen coverage All (110) 1.1049 1.064 0.7365
CO oxygen coverage All (111) 1.6187 0.7785 0.9323

Table 5: Comparison table for BEP fitting paramster

The table above reports the interpolation datatierBEP relationship. As these data show,
the nature of the TSs among the different clasgesaztion is kept, as it is indicated by the
values of the slope of the line. The slopes beltmghe range between 0.6 and 1, thus
indicating a late TS. Different values are outlidtge to the fact that the interpolation sample

was to small.
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Assessment of UBI-QEP method

The second part of the chapter deals with the &atid and assessment of the UBI-QEP
method. The method, illustrated in chapter 2, Iasadvantage of needing only one fitting
parameter respect to BEP. The fitting paramétes representative for the nature of the TSs
of the class of reaction analyzed. This is a prielary analysis with the specific aim of the

identification of a validity range of the method. éach class of reaction the effect of metal
and surface is examined following the same scherpoited the assessment of BEP

relationship. The UBI-QEP method assessed is thisioa proposed by Maestri and Reuter
[20].

UBI validation on dissociation reactions
UBI validation has been performed for the classlie$ociative steps, including all DFT data
coming from the dissociation of CO, CH, &€kholecules obtained on all metals of all

surfaces.
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Figure 91: Parity plot of activation energy calctda by UBI and DFT for CO, CH, GHlissociation on various
metals, surfaces and oxygen coverage at differdatpolation parameters
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UBI method relies on the fitting of one parametewhich is representative for the nature of
the TSs of the class of reaction. Téheparameter can be related to the slope of the BEP
interpolation line. A second interpolation paramegemissing respect to the BEP method,
because the intersect of the BEP line is intrillyicaside the UBI method due to Morse
potentials employed in its formulatio®. is responsible for a vertical shift of UBI data an
parity plot, as shown in Figure 91, while the cagyof data cannot be “manually” turned with

a further external parameter. Given this first estant, the discussion will go through

different classes of reaction for the individualiaa of general trends for UBI method.

UBI validation on dissociation reactions on Rh surices
The UBI assessment passes through the analysig=6fdata coming from CO, CH, GH

dissociation on the same metal, and on differamtit@lex surfaces.
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Figure 92: Parity plot of activation energy calctdal by UBI and DFT for CO, CH, GHllissociation on
rhodium surfaces

The figure above shows the UBI foreseen activagaergies for dissociation reactions on
rhodium surfaces. The UBI method does not accoontgeneral universalities among

different molecule dissociations on rhodium surface
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UBI validation on dissociation reactions on Pt suidices

UBI Parity Plot
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Figure 93: Parity plot of activation energy calctga by UBI and DFT for CO, CH, GHlissociation on
platinum surfaces

The plot above shows that for the dissociation ofetules of platinum surfaces UBI method

cannot provide predictivity, even with a changéhie fitting parameted.

UBI validation on dissociation reactions on Cu suidces
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Figure 94: Parity plot of activation energy calctda by UBI and DFT for CO, CH, GHlissociation on copper
surfaces

As shown by the figure above, the UBI method camuatrantee predictivity for the class of

CO, CH, CH dissociation on copper surfaces.
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UBI validation on dissociation reactions on Ag suiices

UBI Parity Plot
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Figure 95: Parity plot of activation energy calctéa by UBI and DFT for CO, CH, GHllissociation on silver
surfaces

The UBI method cannot adequately predict activagorrgy for CO, CH, CHdissociation

reactions on silver surfaces.

BEP validation on dissociation reactions on (100usfaces.
The UBI assessment deals in this section with tiatyais of the change of metal support for

dissociation reactions studied on the same lowxstgfaces.
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Figure 96: Parity plot of activation energy calctdal by UBI and DFT for CO, CH, GHilissociation on (100)
surfaces
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UBI method cannot find a unique trend for dissaoiateactions occurring on the same (100)

structure surface among different metals.

BEP validation on dissociation reactions on (110usfaces.
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Figure 97: Parity plot of activation energy calctéa by UBI and DFT for CO, CH, GHilissociation on (110)

surfaces

UBI method cannot find a unique trend for dissaoiateactions occurring on the same (110)

structure surface among different metals.

BEP validation on dissociation reactions on (111usfaces.
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Figure 98: Parity plot of activation energy calctdal by UBI and DFT for CO, CH, GHilissociation on (111)

surfaces
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UBI method cannot find a unique trend for CO, CHH,Glissociation occurring on the same

(111) structure surface among different metals.

UBI validation on dissociation reactions of biatomt molecules
The second class of reaction analyzed for UBI a@ssest is the dissociation of biatomic
molecules, which are in this work represented byad@® CH. The analysis of global trends

and then the effect of structure and metal is teyon this section of the work.
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Figure 99: Parity plot of activation energy calctgal by UBI and DFT for CO, CH dissociation on vaiso
metals,surfaces and oxygen coverage.

UBI method does not have a predictive power evemliflated in the class of the dissociation
of biatomic molecules. As previously explained, titieng parameter is only responsible for a
vertical shift of data in the parity plots. A chanigp the fitting parameteb does not predict

data coming from the class of biatomic moleculssaliation.

UBI validation on dissociation reactions of biatomt molecules on Rh surfaces

The effect of metal is for UBI assessment is aredyfor the search of predictivity on

rhodium surfaces for CO and CH dissociation reastio
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UBI Parity Plot
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Figure 100: Parity plot of activation energy calatgd by UBI and DFT for CO, CH dissociation on rhod
surfaces

No clear trend for the activation energy predi¢yivof the UBI method can be accounted for

different biatomic molecules dissociation.

UBI validation on dissociation reactions of biatomt molecules on Pt surfaces
The effect of structure change in the dissociatbrbiatomic molecules is investigated on

platinum catalysts.
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Figure 101: Parity plot of activation energy calateéd by UBI and DFT for CO, CH dissociation on plam
surfaces
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The UBI method does not have predictive power @tiquim surfaces for the calculation of
activation energy of dissociation reactions of dmaic molecules. The fitting parametér,
even if changed, is not able to fit the collectdelata.

UBI validation on dissociation reactions of biatomt molecules on Cu surfaces
DFT against UBI calculated data have been analj@etiatomic molecules dissociation on

copper surfaces.
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Figure 102: Parity plot of activation energy calatéd by UBI and DFT for CO, CH dissociation on cepp
surfaces

UBI method ,as shown by the figure above, canmoD#T data for a general class of

dissociation of biatomic molecules. The fitting aeterd® does not have any physical sense

for this distribution.

UBI validation on dissociation reactions of biatont molecules on Ag surfaces
The effect of structure change on the same silatlysts has been analyzed in the following
paragraph.
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UBI Parity Plot
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Figure 103: Parity plot of activation energy calatgd by UBI and DFT for CO, CH dissociation on ailv
surfaces

UBI method does not have predictive power for tless of reaction of the dissociation of
biatomic molecules, because the fitting paramé@teannot interpolate activation energy data

coming from different reactant molecules.

UBI validation on dissociation reactions of biatont molecules on (100) surfaces

In the following paragraphs the effect of the chargg metal type within the same slab
structure on the activation energy of the dissamiasteps of biatomic molecules is assessed.
The purpose of this type of analysis is the idesdtfon, if present, of clear universalities
among the class of dissociation of biatomic moleswn the same structure of the catalyst.

The first low index structure investigated is (18&)CO and CH dissociations.
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Figure 104: Parity plot of activation energy calatéd by UBI and DFT for CO, CH dissociation on (100
surfaces
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No clear trend is recognized for the UBI methodhef dissociation of biatomic molecules on
(100) surface. The fitting parametdr is not predictive for the calculation of activatio
energies of dissociation reactions of biatomic rmales on (100) surfaces.

UBI validation on dissociation reactions of biatont molecules on (110) surfaces

DFT against UBI activation energy data have bedfected for dissociation reactions of

biatomic molecules on (110) surfaces.
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Figure 105: Parity plot of activation energy calatg#d by UBI and DFT for CO, CH dissociation on (110
surfaces

The UBI method shows to have bad predictivity respge the dissociation of biatomic

molecules.

UBI validation on dissociation reactions of biatont molecules on (111) surfaces
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Figure 106 Parity plot of activation energy calctdd by UBI and DFT for CO, CH dissociation on (111)
surfaces
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The UBI method is not predictive for the class @sdciation of biatomic molecules on (111)
metal surfaces. The fitting parameterdoes not interpolate DFT data neither has a palysic

meaning.

UBI validation on dissociation reactions of triatomc molecules, CH dissociation

The second class of reaction upon which UBI methagibeen investigated if the dissociation
of triatomic molecules. The collected DFT data ectiéd for this class of reaction have been
the dissociation of CfHmolecule on (100),(110),(111) surfaces on rhodiplatinum, copper
and silver surfaces. For this reason, the UBI asgest on triatomic molecule corresponds

also with UBI validation for Ckidissociation. The analysis deals with all DFT daikected.
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Figure 107: Parity plot of activation energy calatéd by UBI and DFT for CHdissociation on various metals
and surfaces

UBI method cannot account for the trends of adiwvaenergy of the Chdissociation on
rhodium, platinum, copper, silver metal on (10@@Land (111) surfaces.

UBI validation on dissociation reactions of CH on Rh surfaces
UBI validation on rhodium metal for the three difat low index metal surfaces (100) (110)

and (111) has been performed in this section ofvbrex.
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UBI Parity Plot
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Figure 108: Parity plot of activation energy calatgd by UBI and DFT for Cjdissociation on rhodium metal
surfaces with two different fitting paramete®=0.2; ©=0.9)

The UBI method does not account for the effect lmdnge of surface on the same metal

catalyst for the class of GHlissociation. In Figure 108 trends for UBI agaiD§tT data are

collected for two different fitting parameters. TU8I method cannot predict DFT activation

energy for this class of reaction.

UBI validation on dissociation reactions of CH on Pt surfaces

UBI assessment has been performed fog @iBsociation on Pt surfaces (100),(110), (111).
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Figure 109: Parity plot of activation energy calatgd by UBI and DFT for CHdissociation on platinum metal
surfaces with two different fitting paramete®=0.9; ©=3.7)
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As shown in Figure 109, UBI method cannot accouwnt dtructure effect on platinum
surfaces. The use of two differefit only partially covers the behavior of this clads o

reaction.

UBI validation on dissociation reactions of CH on Cu surfaces
The effect of structure change has been analyzethé dissociation of CHmolecule on

copper surfaces.
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Figure 110: Parity plot of activation energy calateéd by UBI and DFT for Cfdissociation on copper metal
surfaces

UBI method cannot predict the change of activagorergy of CH molecule with the change

of metal structure. Two out of three parametery stahin the 10% corridor on the parity

plot, but this is a random circumstance.

UBI validation on dissociation reactions of CH on Ag surfaces
The effect of change of catalyst structure withie same metal for the class of triatomic

molecules dissociation has been studied fop @islsociations on silver.
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UBI Parity Plot
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Figure 111: Parity plot of activation energy calatéd by UBI and DFT for CHdissociation on silver metal
surfaces

The UBI method cannot predict the effect of chaofymetal structure relying on the only

as fitting parameter. Only one point out of threéohgs to the 10% limits.

UBI validation on dissociation reactions of CH on (100) surfaces
This section of the work deals with the identifioat of UBI trends for dissociation of
triatomic molecules analyzing in particular theeeff of change of metal within the same

structure of catalyst. The first collection of de¢@orted refers to (100) surfaces.
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Figure 112: Parity plot of activation energy calatg#d by UBI and DFT for CiHdissociation on (100) metal
surfaces
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A general trend for UBI method has been investij&be the (100) surface. The method, even
with a custom fitting paramet@p, cannot predict in a reliable manner the effeatieinge of

metal within the same structure.

UBI validation on dissociation reactions of CH on (110) surfaces
A general trend for the UBI assessment has beeassiigated for Chldissociation within the

same (110) for the change of metal support.
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Figure 113: Parity plot of activation energy calateéd by UBI and DFT for Cfdissociation on (110) metal
surfaces

UBI method cannot account for the change of matgbert on the same structure of the

catalyst.

UBI validation on dissociation reactions of CH on (111) surfaces
Finally, CH, dissociation trends for the change of metal witthia same catalyst structure
have been analyzed on (111) surface. A UBI valiaahas been performed for this class of

reaction.
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UBI Parity Plot
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Figure 114: Parity plot of activation energy calateéd by UBI and DFT for Cfdissociation on (111) metal
surfaces

UBI method cannot account for the different metapmorts on (111) surfaces for ¢H

dissociation.

UBI validation on dissociation reactions of CH moleule

The analysis of UBI method has been performedHerdass of reaction CH dissociation. In
the following paragraphs UBI is validated with dataning from the DFT calculations of CH
dissociation on rhodium, platinum, copper and sifee (100),(110),(111) surfaces. All these
data are collected for the validation of UBI in fiedowing plot, then the analysis will focus
on the metal effect first and then to the surfdéeceon UBI method.
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UBI Parity Plot
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Figure 115: Parity plot of activation energy calatéd by UBI and DFT for CH dissociation on varioustals
and surfaces

The UBI method cannot predict the activation enesfya reactive step of CH dissociation
among different structures and different metalyimgl on a single fitting parameter. As
shown in Figure 115, DFT data for the CH dissocratbn each metal and each surface are
not predicted by the UBI method, even if univetsadi exists among different TSs for CH

dissociation, as proved by the BEP theory.

UBI validation on dissociation reactions of CH moleule on Rh surfaces
The effect of change of surface within the sameaimeas been investigated for rhodium
(100),(110),(111) surfaces.
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Figure 116: Parity plot of activation energy calatgd by UBI and DFT for CH dissociation on rhodium
surfaces
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UBI method does not account for the structure chawmigrhodium for CH dissociation. As

shown in Figure 116, a unique fitting parametemcdipredict the trends of different surfaces.

UBI validation on dissociation reactions of CH moleule on Pt surfaces

The survey of UBI method has been performed fotimlan (100),(110),(111) surfaces for
CH dissociation.
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Figure 117: Parity plot of activation energy calateéd by UBI and DFT for CH dissociation on platinum
surfaces

The analysis of the effect of the change of metaksure for the same metal in the same class
of reaction confirms the fact that UBI method careygpropriately predict activation energies
of dissociation step using a unique fitting paran&b among different structures. In
particular for CH dissociation of platinum surfacdse UBI foreseen activation energy have
the same value, while the DFT ones are well sepdyais depicted by the parity plot of
Figure 117.

UBI validation on dissociation reactions of CH moleule on Cu surfaces

Copper metal is used for the investigation of URthod among different catalyst structures.
DFT data are collected among Cu(100),Cu(110),Cy($ddfaces.

148



UBI Parity Plot
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Figure 118: Parity plot of activation energy calatgd by UBI and DFT for CH dissociation on copperfaces

Copper surfaces are a further proof that UBI mettenahot predict activation energy of CH

dissociation among different surface structure.

UBI validation on dissociation reactions of CH moleule on Ag surfaces
CH dissociation data obtained by DFT calculatioms silver surfaces are used for the

evaluation of the structure effect on UBI method.
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Figure 119: Parity plot of activation energy calatgd by UBI and DFT for CH dissociation on silverfaces

The parity plot of Figure 119 shows the existenfca kelationship that links DFT calculations

and UBI method with a fitting parameter ®=2.5. This value does not have any physical
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sense and the right UBI-DFT interpolation for Cleaticiation of silver surfaces is a random

result.

UBI validation on dissociation reactions of CH moleule on (100) surfaces
In this section of the chapter the structure efiscanalyzed for UBI assessment on CH
dissociation reaction. Data collected for the sdowe index surface for different metals are

collected together. This first paragraph referBEd data of (100) surface.
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Figure 120: Parity plot of activation energy calatgd by UBI and DFT for CH dissociation on (100)faoes

The (100) surface offers a validation among diffiémaetals of the existence of predictivity of
the UBI method of DFT data on different metals tloe same low index surface. The fitting
parameter of UBI isb=3.0. Although this surface does not have any @agr difference with
the other two examined, this result is unexpectetireeeds the enlargement of the sample for
a better understanding of the trend.

UBI validation on dissociation reactions of CH moleule on (110) surfaces
DFT data collected for CH dissociation on (110)aces are employed for the validation of

UBI trend among different metals for the same s@fa

150



UBI Parity Plot
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Figure 121: Parity plot of activation energy calatgd by UBI and DFT for CH dissociation on (110)faoes

The existence of metal sensitive general UBI trsndot confirmed nor contradicted by the
plot for CH dissociation on (110) surfaces. Thérfg paramete=2.5 predicts three out of
four dissociation energy calculated by DFT. Thertioypoint is referring to rhodium surface,
which does not have any different features respedthers. An increasing number of DFT
data for CH dissociation on (110) surfaces are egdor a better estimation of this trend.

UBI validation on dissociation reactions of CH moleule on (111) surfaces
In this section of the work DFT data collected foH dissociation on (111) surfaces are

employed for the validation of UBI trend among diint metals for the same surface.
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Figure 122: Parity plot of activation energy calatgd by UBI and DFT for CH dissociation on (111)faoes
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UBI method cannot predict activation energy for @Gisisociation on (111) surfaces, having a
high dispersion of data along the parity plot. Mxwer the fitting parameteb=3.3 does not
have physical sense.

UBI validation on dissociation reactions of CO moleule

UBI method have been investigated for the claggeadtion of the CO dissociation, excluding
the presence of oxygen coverage. UBI method has lmeeestigated for the rhodium,
platinum, copper and silver (100),(110),(111) stefa at OML oxygen coverage, SO to
distinguish between different contribution to th&lUmethod. The oxygen coverage effect
will be analyzed in the following sections of théapter. The first plot reports DFT data of

CO dissociation among all metals and all surfaces.
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Figure 123: Parity plot of activation energy calatéd by UBI and DFT for CO dissociation on all mstand
surfaces

CO dissociation at OML oxygen coverage is betténmeded by the UBI method respect to the
previous classes of reaction. The fitting parameétef.65 is representative of a late TS, as

reported in Table 2.

UBI validation on dissociation reactions of CO moleule on Rh surfaces
The effect of structure change is analyzed ingbigion, collecting together DFT data coming
from CO dissociation on rhodium surfaces.
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UBI Parity Plot
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Figure 124: Parity plot of activation energy calatgd by UBI and DFT for CO dissociation on rhodium
surfaces

UBI method shows to have the ability of predictvibr the change of catalyst structure on
rhodium surfaces. The fitting parameter0.50 shows and mixed early and late TS, which
does not fit the exact nature of the dissociatmmshodium. There still is an outlier point on

the UBI assessment.

UBI validation on dissociation reactions of CO moleule on Pt surfaces
DFT data have been collected for CO dissociatio®@ML oxygen coverage on platinum

surfaces.
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Figure 125: Parity plot of activation energy calatéd by UBI and DFT for CO dissociation on platinum
surfaces
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UBI method shows predictivity and a good correlatior DFT activation value on platinum
surfaces. The value of the fitting parameber0.70 is representative for the late nature of TSs
for CO dissociation on platinum surfaces. Each fpomthe parity plot belongs to the 10%

confidential limit.

UBI validation on dissociation reactions of CO moleule on Cu surfaces
DFT data for the validation of UBI method accougtifor the structure effect on copper
catalyst have been collected in the following plehich compares DFT and UBI activation

energies for the process.
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Figure 126: Parity plot of activation energy calatéd by UBI and DFT for CO dissociation on coppaifaces

UBI method shows predictivity for the calculatiohaxtivation energies of CO dissociation
on copper surfaces. The fitting parametsr0.63 is close to the one on platinum surface
(0.70) and is representative for the late TS onretal surface. All three points belong to the

+10% confidential bound on the parity plot.

UBI validation on dissociation reactions of CO moleule on Ag surfaces
The effect of structure change on silver surfaaas GO dissociation is analyzed in the

following plot.

154



UBI Parity Plot
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Figure 127: Parity plot of activation energy calatéd by UBI and DFT for CO dissociation on silvarfaces

UBI method shows predictivity when accounting fousture effects for CO dissociation at
OML oxygen coverage on silver surfaces. The fitfragameter®=0.70 shows the late nature
of TSs on this class of reaction. The +10% limitstbe parity plot show to include all the

three data.

UBI validation on dissociation reactions of CO moleule on (100) surfaces

The metal effect on UBI method has been accoumtatiis section. DFT data collected for
CO dissociation on rhodium, platinum, copper amekesiat OML oxygen coverage have been
divided for each low index surfaces (100),(110)1)1tb assess and understand the features of
the UBI method. The first analysis deals with th@Q) surface.
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Figure 128: Parity plot of activation energy calatgd by UBI and DFT for CO dissociation on (100)faces
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UBI can predict the activation energy of a CO disstion process. The best fitting parameter
among all is represented ldy=0.65, which leaves two out of four points out bé t+10%
limits on the parity plot. This value accounts foe late nature of TSs of CO dissociation on
(100) surfaces.

UBI validation on dissociation reactions of CO moleule on (110) surfaces
DFT data have been collected for CO dissociatiatgss at OML oxygen coverage on (110)

surfaces.
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Figure 129: Parity plot of activation energy calateéd by UBI and DFT for CO dissociation on (110jfaces

UBI method has the predictivity for the calculatiohactivation energy of CO dissociation
process on (110) surfaces. The best fitting paramietr the (110) structure i$=0.58,
accounting for the late nature of TSs on (110)axe$.

UBI validation on dissociation reactions of CO moleule on (111) surfaces
The effect of metal change for the same slab streachas been accounted here for (111)

metal surfaces referring to CO dissociation at Gddizerage.
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UBI Parity Plot

Eact UBI (eV)
- N w » «
= n [N} n w ES w» w« n o
L 1 L 1 )
L 3

o
[

$=0.70

o

0 0.5 1 15 2 25 3 35 4 4.5 5 5.5 6
Eact DFT (eV)

Figure 130: Parity plot of activation energy calatgd by UBI and DFT for CO dissociation on (111)faces

(111) surface shows to be the best fit for UBI mdtheferred to CO dissociation with no
coverage. The fitting parameter ®=0.70 accounts for the late nature of TSs on thesam

surface and all points belong to the £10% corridor.

UBI validation on dissociation reactions of CO moleule: oxygen coverage

The last part of the validation of UBI method aaatsufor the presence of three possible
oxygen metal coverage (OML,0.25ML,0.50ML). Oxygaverage effect is taken into account
in this section in order to make a comparison betwis work and work find in literature by
Maestri and Reuter2])]. Data of the following plot are collected for Cdissociation on
rhodium, platinum, copper, silver metals on (1A)Q),(111) surfaces at the three oxygen

coverage abovementioned.
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UBI Parity Plot
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Figure 131: Parity plot of activation energy calatgd by UBI and DFT for CO dissociation on all mstand
surfaces at 0,0.25,0.50ML oxygen coverage

CO dissociation with coverage shows a unique tr@modng different metals, surfaces and
oxygen coverage. The fitting paramet®=0.70 which is close to the no-coverage UBI
interpolation accounts for the late nature of T$LCO® dissociation on each metal, each
surface and each oxygen coverage, as indicate@bfe 2. A unique fitting parameter does
not have the power, however, to predict in appedprway all DFT data. Universalities of

UBI method for CO dissociation at various oxygemarage are not respected.

UBI validation on dissociation reactions of CO on R surfaces: oxygen coverage
DFT data have been collected for CO dissociatiomhmdium (100),(110),(111) surfaces at

three oxygen coverage, in order to analyze thelrefesct on this class of reaction.
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Figure 132: Parity plot of activation energy calatéd by UBI and DFT for CO dissociation on rhodium
surfaces at 0,0.25,0.50ML oxygen coverage

The coverage effect has the same character of 8% dnd is well predicted by the UBI

method. The fitting parametér=0.70 accounts for the late nature of the TS.

UBI validation on dissociation reactions of CO on Psurfaces: oxygen coverage
DFT data coming from the CO dissociation on platinsurfaces at different oxygen coverage

has been collected together analyzing the UBI send
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Figure 133: Parity plot of activation energy calatéd by UBI and DFT for CO dissociation on platinum
surfaces at 0,0.25,0.50ML oxygen coverage
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The UBI method is able to account for differentfaces and oxygen coverage for the CO
dissociation on platinum surfaces. The fitting paeger ®=0.70 aligns with the rhodium
value, and can be seen as an indication of theactaarof the TSs, which is late.

UBI validation on dissociation reactions of CO on @ surfaces: oxygen coverage
DFT data for CO dissociation coming from the thi@e index surfaces (100),(110),(111) at
the three different oxygen coverage are colleabg@ther for the investigation of UBI trends
on the same metal, for different surfaces.
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Figure 134: Parity plot of activation energy calatg#d by UBI and DFT for CO dissociation on coppanfaces
at 0,0.25,0.50ML oxygen coverage

UBI method is able to predict DFT activation enedpta for CO dissociation on copper
surfaces with a good approximation, as depictetthencorrespondent parity plot. The fitting
parameter®=0.70 is the same of CO dissociation on rhodium @atinum surfaces, and this
is index of universalities that can be found amdifterent structures and oxygen coverage

for the same class of reaction.

UBI validation on dissociation reactions of CO on 4 surfaces: oxygen coverage
DFT data for CO dissociation on silver surfacesawtdd on the three (100),(110),(111)
surfaces for the three different oxygen coveradee @assessment of UBI method has dealt
with the search for universalities among differemtfaces.
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Figure 135: Parity plot of activation energy calatéd by UBI and DFT for CO dissociation on silvarfaces
at 0,0.25,0.50ML oxygen coverage

UBI method is able to account for different oxygmverage on different surfaces for the CO
dissociation on silver metal slabs. The fittinggraeterd®=0.70 is comparable to those used
for rhodium, platinum and copper and the univetiesliare highlighted for this class of
reaction. All in all, UBI shows good predictivityreong different surfaces for CO dissocation

at various oxygen coverage.

UBI validation on dissociation reactions of CO on 100) surfaces: oxygen

coverage

UBI method has been investigated and assessetidaftect of change of metal within the
same structure and different oxygen coverage. ach for universalities of the UBI

method of this section starts with the analysidaif for (100) surface.
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Figure 136: Parity plot of activation energy calateéd by UBI and DFT for CO dissociation on (100jfaces
at 0,0.25,0.50ML oxygen coverage
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The metal change effect for the (100) catalystsb®se accounted in terms of UBI method
and as result, UBI method is able to predict gdriezads for the same structure. The fitting
parameter isb=0.65 which accounts for the late nature of the ©8sthis type of slabs.

Universalities have been found to exist among wifiemetal for the (100) surfaces.

UBI validation on dissociation reactions of CO on 110) surfaces: oxygen
coverage

The effect of metal change for different metal batis and different oxygen coverage has

been investigated for UBI assessment on (110) cesfa
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Figure 137: Parity plot of activation energy calatgd by UBI and DFT for CO dissociation on (110)faces
at 0,0.25,0.50ML oxygen coverage

UBI method shows a good predictivity for the adtiva energies of CO dissociation on (110)
surfaces. The fitting parametdr=0.70 is representative for the late nature of ©Eshe
surface for CO dissociation.

UBI validation on dissociation reactions of CO on 111) surfaces: oxygen
coverage

UBI method has been investigated for the effecimetal change on (111) surfaces of CO
dissociation reaction at different oxygen covera@s grouping is the same adopted by the
work of Maestri and Reuter [20], in order to makecemparison between literature and the

present work.
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Figure 138: Parity plot of activation energy calateéd by UBI and DFT for CO dissociation on (111jfaces
at 0,0.25,0.50ML oxygen coverage

UBI assessment on this DFT collected data has d goedictivity ability. Assuming a fitting
parameter ofb=0.80, which is representative for the late TSt#his class of reaction on (111)
surfaces, the distribution shows a good theoryremty correspondence. The work by Maestri
and Reuter [20] shows the same power ability of WlBd method, which has a narrower
predictive range if compared to the BEP model,inglyon one fitting parameter. Once tibe
parameter has been determined by reference DFUlatms, the activation energies can be
computed as functions of the only binding energi@&snsidering the negligible cost of the
computation of the B.E., the uncertainty that cbimazes the UBI-QEP method is perfectly
acceptable, with the intention of determining ilggginto reaction networks. A quantitative
approach is out of the possibilities of the UBI-Q&®del as it is, but it can provide a first
screening in the identification of the prevalerdatgon pathways of microkinetic modeling

complex reaction schemes, where exhaustive firatiples treatment is prohibitive.

Conclusion and oulook
This chapter reports an assessment of BEP relaiprad a preliminary analysis of UBI-

QEP method. These two methods have been invedtif@mteifferent classes of reaction.

Among these classes the BEP shows good predictwitl exploits universalities that hold
among TSs. The change in the character of the Bfatls the BEP relationship.

The preliminary analysis of the UBI method has shalifficulties in predicting activation

energies for different classes of reactions, windhbe investigated by successive works.
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Conclusions.

This Master Thesis work has dealt with the assessmiesemiempirical methods for the
prediction of structure sensitivity scaling relaitsofor dissociation reactions. The aim of this
work has been the validation of Brgnsted-EvansiBol4BEP) relations and UBI-QEP

method which are widely used in heterogeneous d@roatalysis.

BEP can predict activation energies among diffectsdses of reaction, thus allowing for the
identification of “universalities” that hold amomtifferent surfaces, different metal type and
different surface coverage. BEP method was fountdetgredictive from the most general
class of dissociation reaction to the account iedint coverage of the same metal surface.
This good ability in the correlation of the actieat energies relies upon the fact that the BEP
model employs two parameters which are the slogardarcept. The nature of the Transition
States (TSs) that characterizes the class of ozadtifluences the slope of the BEP
interpolation line, which is close to the unity fate TSs and is independent of the class. The
intercept of the BEP interpolation line is inste@presentative for the intrinsic activation
energy of the process and varies from one classaation to another. BEP model has found
to relate relatively well among different reactiongh same TSs and different metals, in
agreement with the existing previous works preselfiterature, and above all BEP is able to
relate not only different classes of reaction,dlab account for structure sensitivity.

UBI-QEP method is a one parameter method whichbees assessed following the same
scheme of BEP. UBI method has shown to be non-gredi for the general class of

dissociation reactions and even for CH and, @isociation reactions. UBI method shows a
predictivity within £10% limits when analyzing CHhd CH, dissociation on the same surface
for different metal slabs. Instead UBI has beemitbto be predictive for CO dissociation,

among different metals, different surfaces andeddifit oxygen coverage. We found that UBI
can relate different reactions on the same surfabéde no clear trends have been found for

the effect of structure, as reported for the firsie in this work.

An investigation of catalytic reactions other th@issociations, such as disproportionation,
can be evaluated for the quest of generality ad¢hmodels. An analysis of applicability and
limits of their uncertainty has to be performed hwitespect to explicit first-principles

calculations. Possible modifications of the methimdsrder to make their prediction within a

narrow variation with respect to the referencet fpanciple calculation can be object of
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successive works. Possible modifications can conttex development of relations between

the nature of the TS (early or late) and the thetmemistry of the reactants and products.

On the whole, this Master Thesis has provided st base for the development of structure
dependent microkinetic models for the applicatibierarchical multiscale methodology in

heterogeneous catalysis.
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APPENDIX

List of acronyms
DFT: Density Functional Theory

BEP: Brgnsted-Evans-Polanyi

UBI-QEP: Unity Bond Index- Quadratic Exponentiatt&dial
MEP: Minimum Energy Path

TS: Transition State

TSs: Transition States
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Quantum espresso

Input File Structure

calculation="relax’
restart_mode='from_scratch’

prefix="lattice’,

outdir="./tmp'

nstep = 1000

&system

pseudo_dir = /fermi/home/userexternal/fia@d/Qe_pseudo’,

ibrav =4, celldm(1) =10.30961687, celldm(3)=4,

nat=18, ntyp= 3,

ecutwfc = 25, ecutrho= 250,

occupations='smearing’, smearing = 'mv', degaus001,

&electrons

mixing_mode='local-TF'

diago_david_ndim=8

mixing_beta = 0.2

conv_thr= 1.0d-6

startingwfc = 'random’,

electron_maxstep = 500

/ATOMIC_SPECIES

Rh 1.00 Rh.pbe-nd-rrkjus.UPF

C 1.00 C.pbe-rrkjus.UPF

H 1.00 H.pbe-rrkjus.UPF

ATOMIC_POSITIONS alat

Rh

Rh

Rh

Rh

Rh

0.000000 0.000000000 0.000000000

0.250000 0.144337567 0.408248291

0.500000 0.288675133 0.816496582

0.500000 0.000000000 0.000000000

0.750000 0.144337567 0.408248291

000

000

000

000

000
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Rh 1.000000

Rh 0.250000

Rh  0.500000

Rh  0.750000

Rh  0.750000

Rh 1.000000

Rh 1.250000

Rh  0.000000

Rh  0.500000

Rh 0.250000

Rh 0.750000

0.288675133 0.816496582

0.433012701 0.000000000

0.577350268 0.408248291

0.721687834 0.816496582

0.433012701 0.000000000

0.577350268 0.408248291

0.721687834 0.816496582

0.000000000 1.224744873

0.000000001 1.224744873

0.433012701 1.224744873

0.433012701 1.224744873

C 0.000000 0.000000000 1.500000000

H 0.000000 0.000000000 1.700000000

K_POINTS {automatic}

661111

000

000

000

000

000

000

000

100

100

100

100
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