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Chapter 1

General Introduction

1.1 Heterogeneous Catalysis

Chemistry and chemical reactions play a central role in every aspect of our life:
from the production of everyday materials like plastic or paper to the synthe-
sis of medicines, from the complex metabolic cycles that sustain our body to
the formation of new molecules in the interstellar medium. Chemical reactions,
both in nature and in industrial processes can be facilitated and controlled using
catalysts.

A catalyst is a substance that interacts with the reacting molecules and ac-
celerates their conversion into products by providing an alternative mechanism
which might be more complicated but is energetically favorable. The catalyst is
then able to release the products and to return to its initial state without being
modified or consumed, ready for the next catalytic cycle. In addition to increas-
ing the conversion rate, using a catalyst may allow one to run the reaction under
milder conditions and, in some cases, it can also provide selectivity, increasing the
formation rate of one of the products over that of other possible and unwanted
side products.

There are several different types of catalysts that can be catalogued according
to their function, structure or phase. Among the most important and studied
classes of catalysis we can identify three principal types of catalysis: biocatalysis,

homogeneous catalysis and heterogeneous catalysis. Biocatalysis is performed by



2 Chapter 1 — Introduction

enzymes which are proteins that act as highly specific catalysts and are involved
in nearly all the metabolic processes playing a fundamental role in the biochemical
reactions underlying life [1]. Homogeneous and heterogeneous catalysis, on the
other hand, are defined on the basis of the phase of reactant and catalyst. The
catalysis is defined as homogeneous if the reactant and the catalyst are in the same
phase, which can be gaseous or more commonly liquid [2]. Finally, heterogeneous
catalysis involves the presence of an interface and usually consists of a liquid or

gaseous mixture reacting on a solid catalyst.

In heterogeneously catalyzed processes we often see that a transition metal
based catalyst facilitates the reaction by stabilizing the molecular transition state
(TS) and lowering the energy required for breaking a chemical bond [2-4], and by
adsorbing the fragments that can subsequently desorb or undergo further trans-
formation. The exploitation of heterogeneous catalysis is of extreme relevance to
industry and one of the most important processes is the Haber-Bosch [3] produc-
tion of ammonia (NHg). This process takes place on an iron based catalyst [3]
that promotes the cleavage of the molecular Ny bond and subsequently the reac-

tion with hydrogen to give ammonia:

N, +3 Hy, = 2 NH;. (1.1)

This process has been designed by Fritz Haber, scaled up by Carl Bosch and is still
today one of the main processes of ammonia production which is a fundamental

building block in the synthesis of fertilizers.

Another process of great industrial relevance is steam reforming [2]. This
process consists of the reforming of natural gas on a nickel based catalyst, giving

as a result molecular hydrogen and carbon monoxide:

CH, + Hy0 = CO + 3 Hy. (1.2)

The steam reforming reaction is one of the main industrial processes used for

molecular hydrogen production and it can be coupled with a second process,



called the water-gas shift reaction [4], to increase the total hydrogen yield:
CO + HyO = CO; + Hs. (1.3)

A deep understanding of these catalytic processes is highly desirable and a large
research effort has been made in this regard in past decades. Unfortunately, the
high degree of complexity of these processes makes it extremely challenging to
design and perform accurate experiments and theoretical simulations that can
give insights in their overall behavior. In this Thesis we will study reactions that
are important to the overall processes 1.1-1.3, in order to contribute to their

understanding.

1.2 From Heterogeneous Catalysis to Surface

Science (and Back)

Heterogeneously catalyzed processes, including the ones introduced in the pre-
vious Section, are usually complex multi-step processes which involve several
different reactions and many molecular states. Moreover, at the industrial level,
they are carried out on supported transition state metal particles which are usu-
ally poorly characterized, having different sizes and irregular shapes. Therefore,
the different reaction steps can take place simultaneously and on many different
sites on the catalyst. Furthermore, this kind of processes are often run at high
temperature and pressure. Since most of the experimental techniques used to
study surfaces rely on electrons, it is hard to perform in situ experiments to
monitor the process under industrial conditions [5]. Moreover, it is hard to dis-
entangle the many factors that come into play to define the mechanism and the
results of these experiments. At the same time, accurate theoretical simulations
of such processes in their entirety is far out of reach of present computational
resources.

Microkinetic simulations [6, 7] can be used to obtain the rate of the overall

process and the concentrations of reactants and products involved. In order to do
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so, a set of kinetic equations needs to be defined including all the relevant reac-
tions of the process as well as the energy of the relevant adsorption and transition
states. Insights on the mechanism and on the energetics of the reactions of in-
terest can be obtained by performing surface science experiments and theoretical

simulations like the ones reported in this Thesis.

One way to tackle the study of these complicated processes is to reduce the
complexity by dealing with one reaction step at the time and by using a clean
single-cut metal surface to approximate the catalyst [8]. Focusing only on one
(or a few) reaction steps is justified by the fact that heterogeneously catalyzed
processes usually involve one or a few rate controlling steps [9] which control the
overall rate of the process and therefore need to be described with high accuracy.
The knowledge generated can then be used to understand the overall process and
its mechanism. However, even though the contribution of surface science studies
to understand heterogeneous catalysis is invaluable, several challenges needs to be

faced and gaps still need to be filled in order to simulate real industrial conditions.

One of the main differences between surface science and heterogeneous catal-
ysis concerns the pressure regime under which the processes are carried out (i.e.,
the so called “pressure gap” [10, 11]). While in typical industrial applications
the processes take place at high temperature and pressure, surface science exper-
iments are usually performed in ultra-high vacuum (UHV). Another important
aspect to consider is the so called “materials gap” [10, 11] that arises from the
difference in complexity between the ideal (and often low-index) metal surface
used in experiments and simulations and the real industrial catalyst. In order
to improve the description of the process, all the relevant metal facets that can
be found on the catalyst should be accounted for and studied. Moreover, it can
happen that the catalytic activity of a particle is higher than the sum of the
catalytic activities of its facets [12]. This can be due to the presence of edges
between the facets that, involving undercoordinated atoms, might facilitate one
of the reactions in the process [13], but also to purely kinetic reasons, like the

diffusion of adsorbed species from one facet to the other [12].

One of the main goals of surface science is to contribute to the quest of design-



ing new, more efficient and cleaner catalysts. In this regard, the synergy between
experiment and theoretical simulations can provide the knowledge needed to de-
velop new and accurate microkinetic models and to improve existing ones in order

to work towards the systematic design of new catalysts.

1.3 Molecules on surfaces: Possibilities and

Challenges

As mentioned before, a way to improve the understanding of heterogeneously
catalyzed processes is to break them down into simple reaction steps and to
investigate their behavior on well defined surfaces. The improvement in the
accuracy and characterization of the experiments together with the increase of
computational power, allows a comparison between experimental and theoretical

results that is becoming more meaningful and insightful.

Using ab initio molecular dynamics (AIMD) simulations and molecular beam
experiments it is now possible to investigate the behavior and the reactivity of a
single reaction step of a much more complex catalytical process. As discussed in
Chapter 2, this helps in reducing the complexity of the problem and obtaining
important insights on a rate limiting step of the process. Synergy between exper-
iments and theory is of invaluable importance since they can be used to obtain
the same observable (i.e., the zero-coverage reaction probability Sy, studied in
this Thesis) so that the comparison can give a measure of the accuracy of the the-
oretical model and help improve it, as discussed in Chapters 2 and 4. Moreover,
performing theoretical simulations of the dissociative chemisorption of molecules
on a surface can be exceptionally useful to understand the reaction mechanism,
since it allows one to obtain atomic resolution of the process, which is extremely
hard to achieve experimentally.

The possibility of monitoring the orientation, the internal energy and other
dynamical features in “real time” during the reaction complements the informa-

tion obtainable from experiments. Moreover, from the calculations it is possible
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to compute important details of the underlying potential energy surface (PES)
as, for example, energy barriers obtained by locating transition states (T'Ss) on
the surface (see Figure 1.1).

Performing accurate calculations is important to being able to make meaning-
ful comparisons with experiments. As discussed in Chapter 2, both the accuracy
of the calculation and the computational cost of AIMD scale with the size of the
simulation box and a compromise needs to be made. Along the same lines, it is
possible to propagate the simulations only up to very few (i.e., 1 ~ 2) picoseconds
due to the high computational cost of AIMD. Moreover, in order to simulate the
surface which, in principle, is infinite one needs to exploit its periodicity and rep-
resent it using a periodic metal slab. This allows one to keep the computational
cost contained, but it has some drawbacks.

First of all, the unit cell has to be chosen large enough to minimize the inter-
action between the molecule and its first periodic replicas. Similarly, a sufficiently
large vacuum space needs to be used to separate the metal slab from its periodic
image. Although the computational resources available are constantly increasing,
the necessity of limiting the cell size still forbids simulating the effects of isolated
defects that might be important for some reactions. In addition, the limited
amount of surface atoms can lead to a less accurate description of the energy
dissipation.

Finally, high accuracy simulations are crucial to obtain qualitative answers
from the comparison with the experiments. The work reported in this Thesis,
together with the vast majority of theoretical studies in surface science, exploits
density functional theory (DFT) to compute the electronic energy of the system.
As extensively discussed on Chapter 2, the accuracy of DFT depends on the choice
of the exchange-correlation functional (Ex¢). The performance of a particular
Exc depends on the system under consideration and therefore it needs to be
carefully selected. A method to systematically improve the accuracy of Ex¢ in a
semi-empirical and system-specific way, by comparing the results of experiments
and simulations, is at the heart of this Thesis and it will be discussed thoroughly

in the following Sections and Chapters.



Figure 1.1: Examples of relevant transition states for the systems studied in this Thesis:
(A) N2 on W(110) studied in Chapter 3, (B) CH4 on Pt(111) studied in Chapters 4,
5 and 6, (C) CH4 on Pt(211) studied in Chapters 4 and 5 and (D) H20O on Ni(111)
studied in Chapter 7.

1.4 Aim of this Thesis

As discussed before, one of the main problems in the accurate simulation of the
dissociative chemisorption of polyatomic molecules on a transition metal surface
is the choice of the exchange correlation functional Ex¢ used to perform the
DFT calculations. The main goal of this Thesis is twofold. Firstly, the static
calculations and dynamical simulations reported can improve the understanding
and give insights into catalytically relevant reactions. Secondly and most im-
portantly, the main aim of this Thesis is to study how the choice of Ex¢ can
influence the result of DFT calculations for molecules interacting with metal sur-
faces, and how developing a semi-empirical specific reaction parameter (SRP)
functional [13-15] can improve the quality of said results and ultimately be used
to accurately describe dissociative chemisorption reactions.

The aim of the work reported in the following Chapters of this Thesis is briefly
summarized here in this Section.

Chapter 2 describes the basics of the DFT method and the semi-empirical
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SRP approach that can be used to develop and test an accurate functional for a
molecule-metal surface system. The Chapter reports and explains the different
steps that are necessary to perform accurate AIMD simulations in order to obtain
a good comparison with supersonic molecular beam experiments, which is at the
heart of the semi-empirical SRP-DFT approach.

Chapter 3 reports a study aimed at testing the performance of the long-range
van der Waals functional developed by Dion et al. (vdW-DF) [16] and its vari-
ant, called vdW-DF2, developed by Lee et al. [17]. It has been shown [13, 15, 18]
that using a functional that models vdW interactions can improve the accuracy
of DFT calculations for catalytically relevant systems. In the study reported in
this Chapter, the vdW-DF and the vdW-DF2 functionals are tested for Ny on
W(110), a prototypical surface science system for which quantitative agreement
between theory and experiments has not yet been achieved [19-22].

Chapter 4 focuses on the transferability of an SRP functional among chemi-
cally related systems. The SRP functional originally developed to describe the
dissociative chemisorption of CHD3 on Ni(111) [15] (called SRP32-vdW func-
tional) is tested here on the dissociation of the same molecule on Pt(111) [13].
Most importantly, the work reported in Chapter 4 also studies the transferability
among systems in which CHDj interacts with different facets of the same transi-
tion metal in order to go from the flat Pt(111) to more catalytically relevant and
“defected” surfaces such as the stepped Pt(211) surface. The aim of this work is
to provide a simple and systematic strategy to predict chemically accurate bar-
riers for different surface sites of catalytically relevant systems.

Chapter 5 reports a study where the chemically accurate SRP32-vdW functional
is used to obtain dynamically relevant features of the dissociative chemisorption
of CHD3 on the flat Pt(111) and on the stepped Pt(211) surfaces [23]. The aim
of this work is to understand how the under-coordinated step site of the Pt(211)
surface influences the reactivity and how the different topology of the surface can
alter the dissociation dynamics.

Chapter 6 compares the performance of a standard GGA functional (i.e., PBE
[24]) with that of the SRP32-vdW functional for CHD3 on Pt(111) [13, 15]. The



aim of this Chapter is to investigate why the SRP32-vdW functional reproduces
experiments whereas the PBE functional does not, even though the two function-
als return a very similar geometry and energy for the minimum barrier [25].

Chapter 7 takes the first step in the development of an SRP functional for a
different system for which chemical accuracy has not yet been achieved: HOD
on Ni(111) [26]. Here the SRP functional developed for methane is used as an
initial guess to obtain a prediction for plausible molecular beam experiments for
this system. Another aim of this Chapter is to obtain useful dynamical insights
on this relevant process while treating all the DOFs, including surface motion, in
the simulation. Moreover, another important purpose of this work is to show that
molecular beam experiments for HOD on Ni(111) can be accurately simulated
(i.e., with reaction probabilies > 1 % for incidence energies achievable with molec-
ular beams) in the hope to motivate other scientists to provide well-characterized
experiments on this system. This would make it possible to eventually derive an

accurate density functional for the investigated process.

1.5 Main Results

The main results of the work reported in the following Chapters of this Thesis

are summarized in this Section.

Chapter 3 | Application of van der Waals Functionals to the Calculation
of Dissociative Adsorption of Ny on W(110) for Static and Dynamic
Systems

In Chapter 3 we report a study of the static potential energy surface (PES) and
of the reaction probability of Ny on W(110). The study has been performed on a
DFT level using functionals that include the correlation part developed by Dion
et al. [16] (called vdW-DF') and its revised version (vdW-DF2) [17]. We find that
using the vdW-DF2 functional improves the description of the molecule-surface
interaction compared to GGA functionals like PBE and RPBE, by giving gen-

erally shallower molecular adsorption wells and barriers for the indirect reaction
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and for the molecular desorption more similar to each other, as suggested by
experiments [27]. The vdW-DF2 functional is then used to perform AIMD simu-
lations of molecular beam experiments [28, 29] for which the agreement between
experiment and theory is, at best, qualitative [19-22]. Despite the improvements
in the description of the static PES, the reactivity computed through AIMD sim-
ulations does not depend much on the incidence energy (E;), similarly to what
was observed with PBE and RPBE [22], because of the competition between
the direct and the indirect reaction mechanisms. The dependence of reaction on
incident energy found experimentally [28, 29] is therefore not reproduced. The
AIMD results show that the less deep molecular adsorption wells lead to a re-
duced indirect reaction probability, especially for normal incidence. However, the
barrier for the direct dissociation computed with the vdW-DF2 functional might
still be too large.

Chapter 4 | Surface Reaction Barriometry: Methane Dissociation on

Flat and Stepped Transition Metal Surfaces

In Chapter 4 we study the transferability of the SRP32-vdW functional, which
was initially developed to reproduce experiments for CHD3 on Ni(111) with chem-
ical accuracy [15]. In this Chapter we show that the same functional can be used
to model the same reaction on a different low-index transition metal surface (i.e.,
Pt(111)) with chemical accuracy [13]. Furthermore, the SRP32-vdW functional
is also transferable to methane interacting with the “defected” Pt(211) surface,
which has under-coordinated step sites. The transferability of the SRP func-
tional among systems in which a specific molecule interacts with different facets
of the same metal allows us to define a semi-empirical protocol, which we call
“reaction barriometry”, that can help bridge the materials gap between surface
science and heterogeneous catalysis. The strategy can be summarized as follows:
(I) accurate molecular beam experiments are performed for a molecule dissociat-
ing over an ideal low index surface. (II) an SRP functional is developed for said
system by comparing AIMD and experimental results. (III) the SRP functional

is tested on a different experiment for the same system. (IV) the transferabil-
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ity demonstrated in this Chapter can then be exploited to obtain chemically
accurate barriers (i.e., with errors smaller than 4.2 kJ/mol) on all the relevant
surface cuts of the metal studied, including stepped surfaces and, presumably,
edges and corners of nanoparticles. The results can be used as a benchmark for
future theoretical work, new methodological approximations and (hopefully) to
perform accurate microkinetic simulations of catalytic processes proceeding over

nanoparticles of the metal studied.

Chapter 5 | Methane on a Stepped Surface: Dynamical Insights on the
Dissociation of CHD3; on Pt(111) and Pt(211)

In Chapter 5 we report an extensive analysis of 12500 AIMD trajectories run
performed using the SRP32-vdW functional on the flat Pt(111) and the stepped
Pt(211) surface. The results show that, even though the difference in minimum
barrier height results in a significantly different reactivity [23], the reaction mech-
anism is very similar on the two surfaces. This can be explained by the similar
geometry of the T'Ss on the two surfaces and by the known absence of rotational
steering [13, 15, 23, 30], which requires the molecules to be preoriented in a geom-
etry similar to that of the T'S in order to react. It has also been shown that the
molecular trapping observed on the Pt(211) surface but not on the Pt(111) sur-
face can partially be explained by the larger energy transfer to surface phonons
on the stepped surface. In addition the geometry of the stepped surface pro-
motes energy transfer to parallel motion, resulting in trapped molecules which
retain a relatively large velocity parallel to the surface. Together with the long
estimated trapping time (i.e., ~ 43 ps), this suggests that experimentally the
trapped molecules have time to explore a large portion of the surface and possi-
bly to react by finding the most favorable geometry or even a higher order defect,

like a kink.
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Chapter 6 | CHD; Dissociation on Pt(111): a Comparison of the Reac-
tion Dynamics Based on the PBE Functional and on a Specific Reaction

Parameter Functional

In Chapter 6 we compare the performance of two density functionals on the
description of the reaction of CHD3 on Pt(111). The functionals under consid-
eration are the well-known PBE [24] functional and the SRP32-vdW functional
developed for CHD3 on Ni(111) [15]. The TS associated with the minimum bar-
rier has been computed with the two functionals. The calculations show a very
similar barrier geometry and the same barrier height within 0.6 kJ/mol. How-
ever, while the SRP32-vdW functional reproduces molecular beam experiments
with chemical accuracy [13], the PBE functional considerably overestimates the
reaction probability [25]. We found that the van der Waals well described by the
correlation part [16] of the SRP32-vdW functional, and not present with the PBE
functional, accelerates the trajectories towards the surface, leaving the molecule
less time to distort towards the TS geometry and leading to a larger energy trans-
fer to the surface phonons. These factors play a role in lowering the reactivity
computed using the SRP32-vdW functional with respect to that obtained using
the PBE functional and therefore contribute to the improved agreement with the

experimental results.

Chapter 7 | HOD on Ni(111): Ab Initio Molecular Dynamics Predic-

tion of Molecular Beam Experiments

In Chapter 7 we report a predictive AIMD study for molecular beam experiments
on the dissociative chemisorption of HOD on Ni(111) for which, at present, no
experimental results are available. Our study improves the description of the
system over previous theoretical work [31] by explicitly treating all the degrees
of freedom of the surface through AIMD simulations and by using the SRP func-
tional developed for CHD3 (SRP32-vdW) [15] that models long-range vdW in-
teractions [16, 32], which are important for this type of system [13, 15, 18]. The
analysis of the trajectories confirmed the strong mode [33, 34] and bond [35]
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selectivity of the reaction and suggested rotational steering plays an important
role. Molecules have been observed to react regardless of their initial orientation,
while the bonds were steered towards their orientation in the TS at the time of
the dissociation. Most importantly, comparing our results with experiments per-
formed on a similar system (D20 on Ni(111) [36]), we find that the SRP32-vdW
functional is a good starting point for developing an SRP functional for HOD on
Ni(111). The comparison seems to suggest that the SRP32-vdW would overesti-
mate the reactivity for the system studied. Therefore, when experimental results
become available, the mixing parameter of the functional (which currently has
a low value) can be increased to make the functional describe a more repulsive

interaction so that the AIMD simulations reproduce the experimental results.

1.6 Outlook

In this Section the questions that remain open from the work presented in this
Thesis are reported and discussed, together with an outlook on the possible di-
rections in which this research could be developed in the future.

At present, the understanding of the dissociative chemisorption of Ny on
W(110) is still poor. In order to develop an SRP functional for the system,
one would need a weighted average of two density functionals that, coupled with
AIMD, are able to reproduce the shape of the experimental reactivity curve (i.e.,
its dependence on the collision energy, see Chapter 2). Once these two function-
als have been identified, the procedure illustrated in Chapter 2 can be exploited
to devise and test a semi-empirical functional that might be able to accurately
reproduce molecular beam experiments, hence giving important dynamical in-
sights on this reaction. Currently, neither standard GGA functionals such as
PBE and RPBE [22] or a functional including van der Waals interactions like the
vdW-DF2 [37] has been successful. In order to be able to accurately reproduce
experiments for this system, one needs a functional able to properly describe
both the dissociative chemisorption and the molecular adsorption and desorption

processes observed. A problem with this is that the GGA functionals that de-
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scribe molecular adsorption and dissociative adsorption well tend to differ. For
instance, the RPBE functional does rather well at describing molecular adsorp-
tion [38], but tends to overestimate dissociative chemisorption barriers [14, 39]. A
possible solution to this problem might be the development of a meta-GGA [40]
based SRP functional. Further work would be needed to improve the understand-
ing of Ny on W(110), both on the theoretical side, as mentioned above, and on
the experimental side. To the best of our knowledge there are only two molecular
beam experiment results available for the system [28, 29] and they report rather
different results, complicating the comparison with theoretical simulations. The
availability of new and well characterized molecular beam experiments would help
in the quest for a candidate SRP functional by allowing theoreticians to design
better and more comparable AIMD simulations.

The transferability of the SRP functional discussed in Chapter 4 opens new
possibilities to improve the accuracy of existing microkinetic simulations which
rely on computed barrier heights to obtain reaction rates. The SRP functional
can be exploited to compute chemically accurate barriers on different surface sites
and defects that can be found in real catalytic conditions, therefore improving
the quality of the description.

Further investigation is also required to fully understand the difference in
reactivity observed for CHD3 on Pt(111) using the PBE and the SRP32-vdW
functionals, as described in Chapter 6. Using the modified Baule model [41] to
estimate the dependence of the energy transfer (Er) to the surface on the molec-
ular collision energy and on the depth of the molecular adsorption well, suggests
that only roughly half of the energy shift between the reaction probability curves
can be explained with the larger E7 observed for the SRP32-vdW functional and
due to the van der Waals interactions modeled by its correlation part. Further
work might shed light on the dynamical effects behind what is left to explain of
the difference in reactivity between the two functionals.

The work reported in Chapter 7 on HOD on Ni(111) represents the initial
step to developing an accurate density functional for said system. In order to

further proceed towards this goal, well characterized molecular beam experiments
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are needed for conditions at which AIMD is applicable. As soon as experimental
results become available, the SRP32-vdW functional used in our study [13, 15, 26]
can be tuned to try to reproduce the experimental results with chemical accuracy.
This could help improve the understanding of this catalytically relevant system.

Along the same line, having developed an SRP functional for CHD3 on Pt
and Ni surfaces, the next natural step in the line of work presented in this Thesis
would be to tackle the dissociative chemisorption of CHD3 on Pd(111) to test
if the SRP32-vdW functional is transferable to yet another group X transition
metal. Moreover, the transferability of said functional to other surface cuts could
be tested on Pt surfaces with kinks, like the Pt(210) surface, to be used as a
model system for nanoparticle corners. In the Theoretical Chemistry group of
Leiden, work along these lines is already underway.

The SRP approach could also be extended to other different and, possibly,
more complex reactions involved in catalytic processes. Besides the study dis-
cussed in Chapter 7 on HOD on Ni(111), other relevant processes of choice would
be, for example, the dissociation of methanol (CH3OH) or ammonia (NHs) on a
metal surface.

Having an SRP functional also allows one to obtain information on dynam-
ically relevant features of a process, as shown in Chapters 5 and 7, but, unfor-
tunately, at this stage AIMD can not accurately predict reactivities below 1%
(see Chapter 2 for more details). This limitation can be circumvented by cou-
pling high-dimensional PESs developed using a Neural Network method [42, 43],
which also model surface motion [44-47], with chemically accurate SRP func-
tionals. This will allow one to run a large number of computationally cheap
quasi-classical trajectories and hence to obtain statistically significant results for

low reaction probabilities.
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Chapter 2

Methods and Theory:

A Semi-Empirical Approach
to Density Functional
Theory

Part of this Chapter is based on:

D. Migliorini et al., J. Chem. Phys. Lett., 8, 4177 (2017)
https://pubs.acs.org/doi/abs/10.1021/acs.jpclett.7b01905

which is reproduced with the permission of ACS Publications'.

2.1 Introduction

Heterogeneous catalysis generally focuses on very complicated processes that in-
volve many molecular states and several reaction steps taking place on irregular
and highly corrugated transition metal catalysts. Today an accurate simulation of
such processes in their entirety is far beyond computational possibility. However
it has been shown that usually only a very few of the molecular states involved
exhibit a large degree of rate control on the overall process [1] and this allows

experiments and simulations to focus on single fundamental steps rather than on

Lfurther permissions related to the material excerpted should be directed to the ACS.
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the whole process. Often the catalytic system is modeled by a single reaction

step involving a molecule dissociating on an ideal low-index metal surface.

Rate controlling states can be either molecular adsorption or transition states
and they are crucial because a small change in their energy might dramatically
affect the rate of the overall process. While molecular adsorption energies can be
measured experimentally (i.e., using tempreature programmed desorption), it is
more complicated to design experiments able to measure dissociative chemisorp-
tion barriers. Theoretical calculations can provide energy barriers (Ej) but the
large number of atoms and the periodic representation [2] needed for this kind of
system makes accurate full quantum chemical simulations unfeasible. The the-
oretical method of choice to simulate the dissociation of molecules on a metal
surface while including all the relevant atoms is density functional theory (DFT)
at the generalized gradient approximation (GGA) level. Unfortunately GGA-
DFT is not accurate enough to calculate chemically accurate barriers (i.e., with

errors smaller than 1 kcal/mol ~ 4.2 kJ/mol) [3].

A way to improve DFT accuracy is to develop a semi-empirical specific re-
action parameter (SRP) density functional. Recent theoretical work [4-6] and
recent joint theoretical and experimental efforts [7, 8] have been successful in
developing system-specific SRP functionals for several catalytically relevant sys-
tems [4-8] by comparing ab initio molecular dynamics (AIMD) simulations [9, 10]

with supersonic molecular beam experiments.

In this Chapter the main steps needed to accurately simulate supersonic
molecular beam experiments are reported and discussed in order to obtain an
SRP functional for a polyatomic molecule dissociating on a transition metal sur-
face. The Chapter is organized as follows: the basics of the DFT method and
of the specific reaction parameter approach to DFT are explained in Section 2.2,
the strategy to develop and test an SRP functional is reported in Section 2.3 and
the procedure to accurately simulate molecular beam experiments is described in

Section 2.4.
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2.2 SRP Approach to DFT

DFT is a particularly convenient method to study catalytically relevant systems
and surface science in general. The high complexity of these systems and the large
number of degrees of freedom (DOFs) involved benefit from the favorable scaling
of the computational cost of DFT (o< n?, where n is the total number of electrons),
which is better than for correlated wavefunction-based methods. Moreover DFT
offers an easy treatment of periodicity. This allows a full-dimensional treatment
of larger systems (even for dynamical simulations, when coupled with classical
time propagation), which are crucial to understand surface reactions. However
this comes with the price of a lower accuracy due to the unknown analytical form
of the exchange-correlation functional (Ex¢), needed to obtain the energy of the
system in the DFT approach. This problem of lack of accuracy for a molecule on
a transition metal surface can be circumvented trough a semi-empirical approach

by developing a specific reaction parameter density functional (SRP-DFT).

2.2.1 Density Functional Theory

The heart of the DFT method is formed by the Hohenberg-Kohn theorems [11].
The first theorem states that for a non-degenerate ground state (gs) all the prop-
erties of the system are determined by the electronic density (pg). This implies
that the gs wave function (¥g(ry,ra,...,r,)) can be expressed as a functional of

the gs electronic density (pg):

\110(1‘1,1‘27...71'.”) = \I'[po(r)], (21)

and allows one to write the gs expectation value of any observable O as a func-

tional of the density:
O = Olpo] = (lpo(0)] | O | W[po(x)]). (2:2)

This entails that the energy of the ground state is a functional of py(r) as well.

Moreover, the second Hohenberg-Kohn theorem states that, for a given system,
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the energy E[p] of a generic density p’ cannot be lower than the gs energy E|[po]:
Elpo] = (¥[po()] | H | W[po(r)]) < (¥[o'(x)] | H | ¥[o'(v)]) = E[p'], (2.3)

where H is the Hamiltonian for the given system that can be written as:
H=T+U+V. (2.4)

Here T is the kinetic term, U is the electron-electron interaction term and V is
the potential term due to the positively charged nuclei. In order to obtain the gs

energy of the system, ideally one only has to minimize the functional:

Elp] = (W] | T+ U +V | ¥[p)). (2.5)

However, in order to do so, analytical expressions for T, U and V are needed.

The most common approach to solve the DFT problem and to obtain the gs
energy has been proposed by Kohn and Sham [12]. The core idea of the Kohn-
Sham (KS) method is to introduce a fictious system of non-interacting particles
that has the same gs density of the real interacting system and to solve a set of
single-particle Kohn-Sham (KS) equations:

— %VQ + Vi(r) | i(r) = ei04i(x). (2.6)

Here the gs wavefunction ¥y has been written as a Slater determinant of single
particle KS orbitals ¢;(r), and V;(r) is the so-called KS potential. Equation 2.6
is reported in atomic units, consistently with the rest of the equations in this

Section.

In order to solve the KS Equation 2.6, one can use the kinetic energy for a
system of non-interacting particles Ts[p], the Hartree interaction energy Ug|[p]
(i-e., the coulombic repulsion), while moving the contributions due to the inter-

acting nature of the system into the so-called exchange-correlation energy term
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Exc, so that:

Elp] = Ts[pl + Unlpl + Exclp] + Vpl, (2.7)
where

Exc = (U—Uy)+ (T —Ts). (2.8)

Note that Equation 2.7 is formally correct but the analytical expression of Fx¢ is
unknown. Therefore, in order to obtain an accurate value for the energy, a good
approximation (i.e., analytical expression) of Ex¢ is needed. Some of the most
important and widely used approximations for Exc are reported and discussed

in Section 2.2.3. Now it is possible to define the KS potential as:

p(r) ZN
Vi(r) = [ dr’ - 1% , 2.9

(x) / I‘\r—I"| EN:|I‘—RN|+ xe(r) 29)
where the first term is the Hartree potential Uy, the second (V') is due to the
interaction with the N nuclei in the system and Vxc(r) is the derivative of

Exc[p(r)] with respect to the density:

Vxe(r) = o2t (2.10)

If V; is defined as in Equation 2.9, from the solution of Equation 2.6 it is possible

to recover the ground state density of the real correlated system as:
2
po(r) =D fi|@ir) | (2.11)
i

where f; are the occupation numbers. Note that po(r) is the correct gs density
if the exact analytical expression for Exc would be known. The Kohn-Sham
Equation 2.6 depend on the density p(r) through V;(r) and p(r) itself is obtained
from the KS orbitals through Equation 2.11. Therefore, in order to optimize the
KS orbitals ¢;(r), the KS equations need to be solved self-consistently starting
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from an initial guess of the density p™(r).

The KS approach shifts the problem from minimizing the energy functional
to solving a set of non-interacting equations while, in principle, delivering the
correct density po (Equation 2.11) and energy E[po] (Equation 2.7) of the real
interacting and correlated system. As mentioned before, the overall accuracy of
the method depends then on the quality of the approximation used to obtain the

exchange-correlation contribution Ex¢ (see Section 2.2.3).

2.2.2 Plane Wave DFT

When it comes to describing periodic systems, it is possible to expand the KS
orbitals according to Bloch’s theorem in a set of plane waves that have the same

periodicity as the system considered:

0i(r,k) =N cjcre’ T, (2.12)
G

Here j runs over the KS orbitals, k is a vector in the irreducible Brillouin zone
(IBZ), G is a reciprocal lattice vector and N is a normalization constant. Equa-
tion 2.12 has to be solved for the coefficients cjgk. Performing a plane wave
DFT calculation requires two “parameters”: a grid of K-points in order to avoid
having to integrate over all the IBZ, and a cut off on the kinetic energy of the
plane waves (F,:). This defines the size of the basis set as it will only include

plane waves associated with a kinetic energy:
1 2
5 |k+G |"< Ecy. (2.13)

In order to obtain accurate results, the energy needs to be converged with respect
to both the value of E.,; and the number of K-points.

In order to accurately reproduce the strongly oscillating wave function close
to the nuclei one would need to use a very large value of F.,:, thus resulting
in slowly converging calculations. This limitation can be circumvented by using

pseudopotentials [13, 14] to explicitly treat only the valence electrons while re-
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placing the strong Coulomb potential close to the nuclei with a weaker (effective)
potential. This results in smoother wave functions close to the nuclei that can
be described using a smaller value of E.,;, while approximately reproducing the
all-electron wave functions at larger distances. Moreover the pseudopotentials
can be designed to partially account for relativistic effects and, since only the
chemically-relevant valence electrons are explicitly treated, they further reduce

the calculation time.

The plane waves implementation of DFT has the advantage that the basis
functions are inherently periodic and do not depend on the atomic positions but
only on the size of the simulation box and on the value of E.,;. This avoids
the basis-set superposition error (BSSE) and issues with systematic basis set
convergence which are typical of atomic orbital based methods. On the other
hand, it implies that increasing the box size will increase the computational
cost even if the number of atoms is held constant. For surface simulations, this
translates into a limitation of the size of the vacuum that can be use to separate
the metal slab from its 1%¢ periodic replica, which needs to be considered when
long range interactions are included. A more detailed discussion is reported in

Section 2.4.2.

2.2.3 Exchange-Correlation Functional

As mentioned before, the DFT approach is formally correct and it would return
the exact ground state density and energy if an analytical expression for Ex ¢ was
known. Since the beginning of DFT, many different Ex¢ approximations have
been proposed and applied to physically relevant systems. However the recipe
for the universal exchange-correlation functional has not yet been found and any
of the available approximations will perform better for some systems and worse

for others.

The first form of Ex¢ is based on the assumption that the electrons behave

as a homogeneous gas and it was proposed directly by Kohn and Sham [12] with
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the name of local density approximation (LDA):

EEDA p(r)] = / p(x) €XPA[p(r)] dr. (2.14)

LDA
zc

w=-3(2 p<r>)1/3, (2.15)

where € can be decomposed into the exchange part e, [15, 16]:

™

and into the correlation part e¢.. The analytical expression of €. is known for the
limits of high density (weak correlation) and low density (strong correlation). The
two limits have then been connected by fitting results of Monte Carlo simulations

7).

The LDA approximation is based on the assumption that the electrons behave
as a homogeneous gas and therefore it performs poorly when it comes to describe
molecular bonds or molecule-surface interactions. This makes the LDA approxi-
mation not viable for heterogeneous catalysis where dissociation barrier heights

are of fundamental importance and need to be calculated with high accuracy.

The next natural step to overcome the locality of this approximation is to
include the gradient of the density (Vp(r)) in the expression of Ex¢. The so-
called semi-local generalized gradient approximation (GGA) functionals have a

general form:

EGSA[p(r)] = / FLp(r), Vo(r) ] dr, (2.16)

where EggA can be decomposed into the sum of the exchange part (E)CEGA) plus

ESS4). Two of the most used GGA functionals in surface

the correlation part (
science are the Perdew-Burke-Ernzerhof (PBE) [18, 19] and its revised version by
Ngrskov and coworkers (RPBE) [20]. The PBE and the RPBE functionals have

the same correlation part:

EZp(w)] = [ ptx) (eco(e)] + Hlp(x), Vp(w)) d. (217)
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where the gradient contribution H is based on physical constraints.

For both PBE and RPBE the GGA exchange functional (E{Y4) has the

general form:

EGSA p(r)] = / p(x) exlp(r)] F(s) dr, (2.15)

where F(s) is the enhancement factor of the LDA ¢, and depends on the reduced
density gradient s(r):

o(r) = | Vo(r) |
[2(372)1/3p(r)4/3

(2.19)

The only difference between PBE [18] and RPBE [20] is in the expression of F'(s):

k
PBE _ o
FPBE(g) =1 +k T (2.20)
FRPBE(g) = 1 4 k(1 — e 15" /F), (2.21)

where k and p are based on physical constants [18].

Several attempts have been made to improve further on the GGA approx-
imation such as including the Laplacian of the electron density VZp(r) (meta-
GGA functionals) or adding fractions of the Hartree-Fock exchange (hybrid func-
tionals). However these approximations are not suitable to effectively simulate

molecules on surfaces due to, for instance, their high computational cost.

One of the pitfalls of the GGA approximation is that long range van der Waals
interaction is not taken into account. Among the different approaches that have
been proposed to overcome this limitation [21-24], one of the most interesting is
the vdW-DF correlation functional developed by Dion et al. [24], which models
the long range interaction based on the density of the system without semi-
empirical parameters.

The vdW-DF approach consists in pairing a GGA exchange functional with

EédW_DF)

a correlation ( that can model the van der Waals interaction. The

ensuing correlation is defined as the sum of a local (LDA) part and a non local



32 Chapter 2 — Methods and Theory

(nl) contribution:
EXCTPE [p(r)] = ES“Ap(r)] + EEP[p(r)] + B [p(r)], (2.22)

where the non-local part of the correlation, which vanishes for a homogeneous

density, is obtained through a double spatial integration over the density:

E¢p(r)] = %// dry dry p(r1)®(q1,q2,7m12)p(r2). (2.23)

The kernel ® depends on 712 = |r; —ra| and on ¢; and g2 which, in turn, depend
on p and on Vp evaluated in r; and rs.

Despite the complexity of E2![p(r)], the kernel ® can be tabulated and the
integral can be very efficiently evaluated thanks to the implementation of Roman-
Pérez and Soler [25]. This makes the vdW-DF functional almost as fast to evalu-
ate as any other standard GGA functional. Moreover the long range interaction
is evaluated self-consistently on the density of the system without semi-empirical

parameters [24, 26].

2.2.4 Specific Reaction Parameter Functional

The specific reaction parameter (SRP) approach to DFT is a semi-empirical
method, originally proposed by Truhlar and coworkers [27]. Its implementation
for molecules on surfaces allows us to develop a semi-empirical and system spe-
cific functional able to improve the accuracy of standard GGA functionals, which
are in general not quantitative for these systems [3]. The SRP-DFT approach
has been proven successful for different molecule-metal surface systems such as
Hs on Cu(111) [4], Hy on Cu(100) [5], Dy on Pt(111) [6] and recently CHD3 on
Ni(111) [7] and Pt(111) and Pt(211) [8]. The SRP strategy consists of selecting
an experimental observable that depends on the minimum barrier height (i.e.
the zero-coverage reaction probability Sy) and to choose two functionals that
predict values that are systematically too high and too low compared to the ex-

perimental data. Note that the functionals of choice need to be able to reproduce
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the shape of the reaction probability curve which depends on the distribution
of energy barriers on the surface [28]. For many molecules reacting on a metal
surface [4, 7, 8, 28-33] the GGA exchange functionals of choice are PBE [18]
and RPBE [20], with the first known to usually underestimate and the second

to overestimate barrier heights for these systems. The SRP exchange correlation

functional (ESEF) is then defined as a linear combination of the chosen GGA
functionals:
ESBP — ¢ ERPBE 4 (1 —2) . EXBE, (2.24)

where x is an adjustable parameter that allows us to tune the performance of
the functional in order to fit theoretical values of Sy to a set of experimental
results. Once the mixing parameter is identified, the SRP functional is tested
and validated by simulating a different set of experimental data for the same

system (more details are reported in Section 2.3).

The van der Waals interaction can be accounted for by replacing the PBE
correlation functional present in PBE and RPBE by the vdW-DF correlation
functional (EW-PF) developed by Dion et al. [24, 25] and discussed in Section
2.2.3. This correlation functional has been shown to improve the description of
weakly activated dissociation [28] while maintaining the same accuracy of [34],
or improving the accuracy [7, 8] over that [33] achieved using Equation 2.24 for
highly activated dissociation systems. Moreover, as mentioned before, the vdW-
DF correlation functional is non-empirical being based on first principles [26]. The
general formulation of the SRP functional used in most of the studies reported in
this Thesis is based on a linear combination of the two GGA exchange functionals

plus the vdW-DF correlation funtional:
ES’RP x-ERPBE | (1 _4). pPBE Ezrde—DF' (2.25)

The SRP functional is constructed as much as possible [7] on the basis of non-

empirical, constrained-based functionals (including the spin-scaling relationship,
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the Lieb-Oxford bound, and the recovery of the uniform gas limit [18, 24] that

should ensure applicability to metals [35]).

2.3 Semi-Empirical Strategy

The strategy and the steps needed to develop and test an SRP functional for a
polyatomic molecule dissociating on a metal surface are reported in the follow-
ing Sections. The discussion is mainly focused on the tri-deuterated methane
molecule (CHD3) which has been the center of most of the studies on which this
Thesis is based. However, the same methodology should be applicable, in prin-
ciple, to any molecule dissociating on a transition metal surface through o-bond
breaking [8].

The SRP functional used in most of the work reported in this Thesis has
been developed by comparing an observable that depends on the minimum bar-
rier height, the zero-coverage reaction probability (Sy), obtained from ab initio
molecular dynamics (AIMD) calculations [9, 10] and from supersonic molecular
beam experiments. For specific initial conditions, Sy can be measured exper-
imentally using the King and Wells beam reflectivity technique [36, 37] after a
molecular beam impinges on an ideal low-index metal surface. The same quantity

can then be obtained from the number of reacted molecules (Nyeqet):
SO = Nreact/Ntot7 (226)

in a set of Ny AIMD trajectories where a single molecule impinges on the surface,
prepared as described in Section 2.4 to accurately reproduce the experimental
initial conditions.

AIMD allows the accurate simulation of dynamical processes within the frame-
work of the Born-Oppenheimer approximation. This approximation assumes
that, due to the different time scale, it is possible to separate the motion of
the electrons from that of the nuclei, effectively treating the electrons as if they

were moving in the potential generated by the nuclei. For each propagation step
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the energy and the forces are evaluated on-the-fly at a DFT level without the
need to fit a high dimensional Potential Energy Surface (PES), and then the
positions of the ions are classically propagated according to Newton’s equations
of motion. Moreover the quasi-classical trajectory (QCT) approach can be ex-
ploited by imparting vibrational zero-point energy (ZPE) to the molecule. For
the experimental conditions addressed in this Thesis, AIMD-QCT is the method
of choice to effectively simulate molecular beam experiments and to test the va-
lidity of the semi-empirical SRP approach. The main reason to choose AIMD
over a higher level of theory (i.e., quantum dynamics) [38, 39] is the possibility
to include explicitly all the DOFs of the system in the simulation without any
dynamical approximation. Not only is it possible to include all the molecular
DOFs, but the surface atom motion, which is known to be important for the dis-
sociation of polyatomic molecules (such as methane) on metal surfaces [40], is also
accounted for. AIMD can also be extended to reactions affected by electron-hole

pair excitation by including electronic friction [41].

The results of the AIMD simulations are compared with experimental results
for a set of laser-off conditions (for which the initial molecular rovibrational dis-
tribution only depends on the nozzle temperature, see Section 2.4) and, through a
trial and error procedure, the parameter z of Equation 2.25 is optimized until the
AIMD results are in agreement with the experiments within chemical accuracy.
The agreement between the results is verified by fitting the experimental data
and by checking that, on average, the distance on the energy axis from the AIMD
results to the experimental fit is smaller than 4.2 kJ/mol. Once chemical accu-
racy has been reached for the laser-off simulations, the candidate SRP functional
is validated by simulating a different experiment for the same system. The SRP
functional presented in this Thesis has been tested against state-resolved molecu-
lar beam experiments for which the molecules impinge on the surface after being
selectively prepared in a specific rovibrational state through laser excitation.

In order to ensure a meaningful comparison between experiments and AIMD-
QCT simulations, many aspects have to be considered, both on the experimental

and on the theoretical side. First, the total energy of the molecule (translational
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+ vibrational) has to be chosen above the minimum ZPE corrected barrier. This
ensures the applicability of the QCT approach because under such conditions
the reaction occurs in the classical “over-the-barrier” regime [9, 42]. Second,
the molecular beams have to be produced using a nozzle temperature (7)) as
low as possible, for example by taking advantage of Hy seeding, so that most
of the molecules are in the vibrational ground state. This limits the deficiencies
of the QCT method in describing the reactivity of coupled excited vibrational
states (i.e., the CD vibrational states in CHD3) due to artificial intramolecular
vibrational energy redistribution (IVR) caused by the availability of resonant vi-
brations [7]. For the same reason the 11 = 1 excited state of CHDj3 is a good
choice to compare theoretical and experimental state selected reaction probabil-
ities. This excited vibrational state possesses 95% of CH stretch character [43]
and, due to the lack of Fermi resonances, energy imparted to this normal mode
in the gas-phase remains localized on a time scale comparable with the collision
time [7, 8, 44]. The reactivity of v; = 1 CHD3 is therefore unlikely to be affected
by IVR [9, 44]. Third, the surface temperature (7s) has to be chosen well above
the Debye temperature Tp of the metal bulk, which varies with the composi-
tion of the surface. At Ty larger than Tp quantum effects are not expected to
significantly affect the molecule-surface energy exchange dynamics, making such
conditions suitable for AIMD simulations. Specifically, for values of T higher
than the Debye-Waller temperature the validity of a classical approach to dy-
namics calculations on scattering from a surface can be assessed by computing
the argument to the Debye-Waller factor [45]:
3p° T,

2W = —— 2.27
Mk, T3 (2.27)

where p? is the average of the square of the change in momentum of a scattering
molecule, My the mass of a surface atom and k; the Boltzmann constant. Ex-
perience suggests that treating the surface vibrations classically works well for
T, > Tp for values of 2W greater than 6 [46, 47] (note that 21 is a dimension-

less quantity) and that under such conditions, the energy transfer to the surface
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phonons should happen classically. Finally AIMD cannot be comfortably used to
compute reaction probabilities smaller than 1%. This is due to the high computa-
tional cost of the method which, in light of present-day computational resources,
limits the number of trajectories (Vi) that can be used to simulate a single
beam condition to ~ 500-1000. This affects the accuracy of the results since the
statistical error on Sy representing the 68% confidence limits [48] depends on the

reaction probability and on the total number of trajectories as:

So(1 — o)

. 2.28
Ntot ( )

op =
This effectively reduces the statistical significance of low reaction probabilities
computed with AIMD. However, once the SRP functional has been developed,
in principle it is possible to couple it with an high dimensional PES approach
that also describes the motion of the surface atoms (as demonstrated for No +

Ru(0001) [49]) allowing the accurate simulation of smaller Sp.

2.4 Initial Condition Sampling

In order to simulate a molecular beam experiment at an AIMD-QCT level it is
important to accurately generate and sample the initial conditions of the system
in order to have a fair comparison. In the work reported in this Thesis, we can
distinguish between two classes of molecular beam experiments: laser-off and
laser-on.

In laser-off experiments the molecules are accelerated according to the nozzle
temperature (7},) which defines the collision energy (E;) distribution of the beam
and the vibrational states as a Boltzmann distribution for that temperature. The
rotational energy of the molecules is generally low as the number of intermolecular
collisions during the expansion is high enough to dissipate it (rotational cooling).
Therefore, in laser-off experiments, all the molecules are assumed to be in the ro-
tational ground state. The experimental laser-off zero-coverage reactivity (58f f )

can then be directly measured and so the molecules in the AIMD trajectories are
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prepared to be randomly oriented, in the rotational ground state and sampling

the experimental F; distribution and all the vibrational states accessible at T;,.

In laser-on experiments an optical transition is used to excite molecules from
an initial to a target rovibrational state and, since the laser excitation happens
after the beam expansion (i.e., after rotational cooling), the molecules maintain
the rotational excitation. A large fraction of the molecules is in the desired target
state but a variety of other states are still present in the beam. However from the
measured laser-on zero-coverage reaction probability (S§™) is possible to extract
the reaction probability (S§) for the desired rovibrational state v once ng Tis
known for the same E; [50]. This can be evaluated as:

Sy = Sy =Sy + 5579, (2.29)

fexe

where f... is the excited fraction, or the fraction of the molecule in the beam
excited to the target state, and Sy=" is the reaction probability of the ground
state. S$=Y can usually be approximated by ng ! , which does result in a small
overestimation. Other methods to estimate Sy=C are available but it has been
shown that, for systems like the ones addressed in this Thesis, they all give
very similar results [7]. Being able to directly extract S§ from the experiments
simplifies the simulations because it allows one to prepare all the molecules in

the desired 7 rovibrational state.

2.4.1 Molecular Beam

The initial conditions imparted to the projectile molecule need to accurately
represent the experimental molecular beam that has to be modeled. In the ex-
periments the molecules have a specific collision energy distribution and a specific
rovibrational state associated with a defined angular momentum L.

First of all the molecular beams simulated are very narrow in translational

energy but not monochromatic. In order to describe the distribution of energies

(and velocities) n(E;) of the beam, Michelsen and Auerbach [51] proposed the
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expression:
1 (V Ei Y ES)2
n(E;)dE; = NEz exp | — 4ES(AT dE; (2.30)
where the energy spread AFE; is defined by:
AE, 2«
= —. 2.31
Eq Vg (2.31)

Here the stream velocity v, and the width of the velocity distributions « can be
obtained by fitting time of flight measurements [52]. Once vs and « are available,
the initial collision energy for the molecules in the trajectories is selected by

sampling the distribution n(E;).

In order to prepare the molecule in the desired vibrational state the potential
energy V, along each vibrational mode needs to be known. The vibrational
modes can be obtained using finite differences as the eigenvectors of the mass-
weighted Hessian and for each of them a one-dimensional potential is computed
by displacing the molecule along the mode itself. This interpolation can be
performed just once for each mode before preparing the whole set of molecules.
Once the V,, potentials are available the molecule can be prepared in the desired

vibrational state.

In order to prepare a set of molecules in a target vibrational state (e.g., HyO in
v1=1, 15=0, v3=0), one can perform a classical micro-canonical sampling for each
mode of each molecule in the set. This is done by running a 1D quasi-classical
dynamics simulation along each mode using the energy associated with the state
we want to generate and then by randomly selecting the initial velocity (vy:p)
and displacement from the equilibrium positions (dg,;) from it (i.e., randomly
selecting the phase of the vibration). The sum of the displacements and the
velocities for all the modes is assigned to the molecule to prepare it in the target
vibrational state. It is important to note that, since we sample the initial position
classically along the vibrational modes and in the time domain, when we average

over many generated molecules prepared in a given vibrational state we obtain
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a classical distribution where the molecule has a higher probability to sit close
to one of the turning points. Note that applying the shift dq,; results in a
small change in the inertia of the system and introduces small spurious rotational
velocities which are computed and removed. If this correction changes the energy
along the normal modes by more than 1 meV, the initial conditions are discarded
and generated again from the beginning.

As mentioned before, molecules in the rotational ground state can be initially
randomly oriented while, for the rotationally excited molecules, the quantiza-
tion of the angular momentum L and the quantization of its projections on a
space-fixed axis and on a body-fix axis translate into constraints on the initial
orientation effectively aligning the molecule.

Within the rigid rotor approximation, the projection of L on the reference
frame z axis depends only on the choice of the reference frame itself while the pro-
jection on the molecular rotational axis depends on the geometry of the molecule.
The principal rotational axis of a rigid rotor (here called a, b and ¢) and the asso-
ciated moments of inertia (labeled 14, Ip and I from the smallest to the largest)
can be obtained from the eigenvectors and the eigenvalues of the inertia tensor
I, respectively. Rigid rotors can be divided to four categories: linear, symmetric,
spherical and asymmetric according to the moments of inertia. For a linear rotor,
as the Hy molecule, I, << I = Io. Symmetric rotors can be divided to oblate
symmetric top (e.g. benzene) for which I4 = I < I and prolate symmetric top
(e.g. methyl-acetate CH3C=CH) for which I4 < Ip = I¢. Finally spherical top
rotors (e.g. CHy) shows I4 = Ig = I and asymmetric top rotors (e.g. HOD)
Iy < Ip < I¢. In the following paragraphs the procedure to generate a sample
of molecules in a rotationally aligned state is described in detail for an oblate
symmetric top molecule as the methane isotopologue CHD3. A few details will
be also given on how to proceed for an asymmetric top molecule like partially
deuterated water (HOD).

Considering an oblate top molecule like CHD3, the principal axis (¢), associ-
ated with the largest moment of inertia I, runs through the H atom, the C atom

and through the geometrical center of the CD3 umbrella (Figure 2.1A). The axes
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a and b lay in the plane perpendicular to ¢ and are associated with 4 and Ip
which are smaller than Io and of the same magnitude. For CHD3 a rotational

state is defined by the angular momentum L, by its magnitude:

| L |=hV/J(J +1), (2.32)
by its projections on the reference frame z axis:

J. = hM, (2.33)
and by its projection on the principal axis c:

J.=hK. (2.34)

Here M and K are integers in the range [—.J,+.J]. When the classical analogue of
a rotational state is prepared, these projections add constraints to the orientation
of the molecules resulting in a certain degree of alignment among the molecules
of the sample.

The CHD3 molecule can be prepared in a given (J, M, K) state according to

the following procedure:

e The molecule in its equilibrium geometry is aligned with the principal axis ¢
parallel to the reference frame z which is chosen to be normal to the surface

on which the molecule will impinge (Figure 2.1A).

e The rotation in a;; around the principal axis, which is the first unconstrained

degree of freedom, is randomly sampled (Figure 2.1B).

e In order to achieve the projection hK of L on the principal axis ¢, the

molecule is rotated by:

B8 =cos ! K (2.35)
= COS \/m . .

Note that the angular momentum L is still assumed to be aligned with z
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(Figure 2.1C).

e The second unconstrained degree of freedom is sampled by randomly fixing
the orientation of the principal axis ¢ with respect to the angular momentum
L through the angle as while keeping the projection of L on ¢ constant

(Figure 2.1D).

e The projection M of the angular momentum L on the reference frame axis
z is then defined, as shown in Figure 2.1E, by rotating both the molecule

and the angular momentum by:

-1 M
¢ = cos <J(J—|—1)> . (2.36)

e The last unconstrained degree of freedom is fixed by randomly orienting L
with respect to the reference frame axis z through the rotation as while
keeping the projection of L on z constant. Note that the same random ro-
tation around z is applied to both the angular momentum and the molecule

(Figure 2.1F).

e Once the orientation of the molecule and of the angular momentum have
been fixed, the rotational component of the velocity v,,; can be computed

from:
L =1w,u, (2.37)

Vrot = Wrot X @, (238)

where I is the inertia tensor, w,..; is the rotational velocity and q is the

vector of the coordinates.

Finally, the total velocity v and the position g of each atom of the molecule can

be assigned as:

UV = Utrans T Urot T Uuib, (239)



43

g=R (qo + lquib) ; (2.40)

i

where R is the rotational matrix that aligns the molecule as described above, qq
is the equilibrium positions of the atoms with the molecular COM in the origin of
the coordinate system and dq,;, is the sum of the displacements used to impart
the vibrational energy. Note that the rotational and the vibrational velocities
need to be rotated according to R as well. When the molecule is prepared in the
desired rovibrational state, it can then be translated to its initial position above

the metal surface.

The same strategy can be applied to different molecules considering that a
different kind of rotor will introduce different constraints on the initial orientation.
For an asymmetric rotor as HOD in our approximate representation, a rotational
state is characterized by 4 “quantum numbers”: (J, M, K,, K.). Here J, M,
and K, are the same as observed for CHD3 and control the magnitude of L, its
projection on z and on the principal axis, respectively. The additional K, number
is related to the projection on another molecular axis and adds an extra constraint
on the initial orientation, reducing to 2 the number of randomly sampled DOFs

(see Chapter 7).

2.4.2 van der Waals Functionals and Residual Energy

When a vdW correlation functional is used the simulation box needs to be big
enough to accommodate the large amount of vacuum between the slab and its
1%t periodic image (=~ 30 A) necessary to converge the long range interaction.
However, it has been shown for CHD3 on Ni(111) [7] and on platinum [8] that, to
a very good approximation, using a smaller amount of vacuum (e.g., 13 A instead
of a well-converged value of 30 A) affects the energy of the system only as a small
upwards shift of the gas-phase level, due to residual interaction with the slab
periodic replica, as sketched in Figure 2.2. The residual energy (Fgr) is defined
as the difference between the energy of the molecule placed away from the surface,

i.e. where it sits at the beginning of the simulations (typically 6 A), in the cell
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Figure 2.1: Scheme of the rotations needed to prepare the CHD3 molecule in a generic
aligned rotational state (J = 3, M = 2, K = 2). The carbon atom is reported in brown,
the hydrogen in white and the deuteriums in light blue. The reference frame axis z is
reported in black and the molecular axes a, b and c are reported in blue. The angular
momentum L is indicated in red. Dashed green arrows indicate rotations to obtain
the correct projections of L and full green arrows indicate rotations that are sampled
randomly. The values on the axes are reported in A and |L| is in atomic units.
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with 13 A and in the one with 30 A of vacuum:

Ep=EPA — EXA  ~ AR, = EPA — EJOA (2.41)
In order to validate this approximation, F'r has to be the same as the difference
in the minimum barrier height (AE;) computed with the two cell sizes (El}?’A
and ESOA, respectively) to within much better than chemical accuracy. In order
to correct for the residual interaction in the AIMD simulations the molecules
can be assigned an extra translational energy equal to Er which depends on the
system investigated and it is usually on the order of a few of kJ/mol [7, 8, 53]. By
imparting this excess energy, the molecules experience an effective barrier (Ef)

that is approximately equal to the converged barrier height:
Ef = B3A — Ep ~ E3OA (2.42)

This implies that the energy barrier converged for the amount of vacuum can
be obtained by subtracting Fr from the non-converged barrier. Similarly, the
adsorption energies (see Figure 2.2) obtained with the non-converged setup need

to be increased by Eg.



46 Chapter 2 — Methods and Theory

Energy /[ k)/mol ]

6 15:
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Figure 2.2: Sketch of the barriers considered for a molecule on a metal surface when
using a long range functional. The blue and the red curves refer to the 13 A and to the
30 A setup, respectively. The barrier heights are shown as arrows in the same color as
the related curve. The residual energy (ER) is reported as a green arrow and the barrier
height difference between the two vacuum sizes (AE}) is reported as a black arrow.

2.4.3 Metal Surface Temperature

Since AIMD allows us to treat explicitly all the degrees of freedom, it is impor-
tant to accurately represent the experimental surface temperature (7). Initial
velocities and displacements are randomly generated and assigned to the sur-
face atoms according to their vibrational frequencies and sampling a Boltzmann
distribution for the desired temperature. This is done by approximating each
atom as an independent harmonic oscillator with kinetic energy K = %mv2 and
potential energy V = Lkq?.

From the Boltzmann distribution in energy space f(E):
f(E) = Aexp(—E/kyT), (2.43)

where kp is the Boltzmann constant and 7T is the temperature, we can derive the
distributions in the velocity f(v) and in the position f(g¢) using the expression of

K and V and obtaining A as normalization constant:

Fv) = [ szng } ® exp ( ;ZZ’; > (2.44)
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mw?q?
— . 2.45
e (- et ) (2.45)

From here it is straightforward to show that f(v) can be rewritten as a Gaussian

distribution centered in v = 0 and with a standard deviation o, = 4/ %:

N[ =

1@ = ]

F0]5,00) = — exp<—(“_“)2). (2.46)

2
202

Similarly a Gaussian distribution f(q | g, o4) centered on § = 0 and with o, =

kyT

—b can be derived for the positions. Here w can be taken as the vibrational

frequency of a surface atom computed by finite differences.

For each atom a random velocity and position are selected in order to sample
these Gaussian distributions for the desired surface temperature Ts. This approx-
imation neglects all kind of coupling and therefore, in order to achieve a sound
physical description of the surface at the desired temperature, the slab needs to
be equilibrated by performing a standard AIMD propagation for 2 ps. Finally
any step among the last ps of equilibration can be chosen as initial condition for

the trajectories.
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Abstract

The fundamental understanding of molecule-surface reactions is of great impor-
tance to heterogeneous catalysis, motivating many theoretical and experimental
studies. Even though much attention has been dedicated to the dissociative
chemisorption of Ny on tungsten surfaces, none of the existing theoretical models
has been able to quantitatively reproduce experimental reaction probabilities for

the sticking of No on W(110). In this Chapter, the dissociative chemisorption of
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N3 on W(110) has been studied with both static electronic structure and ab ini-
tio molecular dynamics (AIMD) calculations including the surface temperature
effects through surface atom motion. Calculations have been performed using
density functional theory (DFT), testing functionals that account for the long
range van der Waals (vdW) interactions, which were previously only considered
in dynamical calculations within the static surface approximation. The vdW-
DF2 functional improves the description of the potential energy surface for No
on W(110), returning less deep molecular adsorption wells and a better ratio be-
tween the barriers for the indirect dissociation and the desorption, as suggested
by previous theoretical work and experimental evidence. Using the vdW-DF2
functional less trapping-mediated dissociation is obtained compared to results
obtained with standard semi-local functionals such as PBE and RPBE, improv-
ing agreement with experimental data at E; = 0.9 eV. However, at F; = 2.287 eV
and off-normal incidence, the vdW-DF2 AIMD underestimates the experimental
reaction probabilities, showing that also with the vdW-DF2 functional the Ny on

W(110) interaction is not yet described with quantitative accuracy.

3.1 Introduction

Heterogeneous catalysis plays an important role in many industrial processes
[1, 2]. Many experimental and theoretical studies have been performed in or-
der to improve the fundamental understanding of molecular reactions on metal
surfaces, since this knowledge can help with the development of more efficient cat-
alysts. Among the industrial processes that make use of heterogeneous catalysis,
one of the most important is the Haber-Bosch process that is used to produce
ammonia from the reaction of Ny and Hy on an iron based catalyst [3]. The
dissociation of Ns, catalyzed by the metal surface, is believed to be the rate-
determining step of the whole process [3] motivating the interest for this reaction
step. The dissociation probability of Ny on an iron single crystal surface shows a
clear dependence on the crystallographic face of the metal on which the reaction

occurs [4]. Similarly, tungsten surfaces show a high crystallographic anisotropy
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of the nitrogen dissociation probability (Sp): it is known, from molecular beam
experiments, that for low collision energies (F;) the W(100) surface is roughly
two orders of magnitude more reactive than the W(110) surface [5]. The observed
non-zero reaction probability of No on W(100) for vanishing E; suggested that,
on this surface, non-activated paths for the dissociation exist [6, 7]. For N3 on
W(110) [7, 8] the measured reaction probability is almost zero (i.e., &~ 1073) at low
F; and increases with increasing collision energy, which suggested an activated
mechanism for the dissociative chemisorption. The similarity of No on W and
the catalytically more relevant Fe surface (the crystallographic anisotropy of the
N, dissociation) has prompted many studies on Ny dissociation on W surfaces.
Even though much attention has been dedicated to the theoretical study of the
dissociative chemisorption of N5 on tungsten surfaces, none of the existing mod-
els has been able to quantitatively reproduce experimental reaction probabilities

for the sticking of Ny to W(110).

Although the experimental Sy curve shape suggests an activated reaction
path, in previous work Alducin et al. [9, 10] achieved a qualitative description
of the dissociation probability of Ny on W(110) through molecular dynamics
calculations performed on a potential energy surface (PES) that also included
non-activated paths for dissociation. Alducin et al. [9, 10] and Bocan et al. [11]
computed the reaction probability on two PESs calculated with DFT at the gen-
eralized gradient approximation (GGA) level, using the PW91 [12, 13] functional
and the RPBE functional [14], respectively. These dynamical calculations used
the ideal static surface approximation. Mixed results have been obtained using
these two functionals: using the more repulsive RPBE functional good agree-
ment with experimental results was found for normal incidence (©; = 0°), but
the reaction probability at ©; = 60° was underestimated. The PW91 functional
returned good agreement with experimental data for ©; = 60° but it failed at
describing experiments at normal incidence, with the reaction probability being
too high at low FE;. The results showed that the dissociative chemisorption of
No on W(110) is very sensitive to the “shape” of the PES, which determines to

what extent the minimum energy paths (MEPs) for dissociation are accessible
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to the impinging molecules. The results also showed that, in the framework of
DFT, the theoretical Sy strongly depends on the exchange-correlation functional
(Exc) chosen for the electronic structure calculations. To explain their results,
the authors [15] suggested that the PW91 functional describes the interaction
of Ny with W(110) less accurately close to the surface, where the dissociation
occurs. They also suggested that further away from the surface this interaction
is described as too repulsive with the RPBE PES, which could explain that this
PES underestimates the reactivity at off-normal incidence. Alducin and cowork-
ers arrived at similar conclusions in work on non-reactive scattering of Ny from
W (110), which also suggested that the molecule-surface interaction obtained with

the PW91 functional is too corrugated [15].

The importance of modeling surface atom motion for this reaction was demon-
strated [15] with AIMD calculations, testing both the RPBE and the PBE [16]
functionals. Using the PBE functional (which is similar [16] to the PW91 func-
tional [12, 13] used in Ref. [10]) the reaction probability at normal incidence
and E; = 0.9 eV is even larger than for the static surface calculations using
PWO91. This is because the large amount of energy transferred from the im-
pinging molecules to the surface phonons stabilizes molecules trapped on the
surface, thereby enhancing the contribution of a trapping-mediated dissociation
mechanism to the reactivity. The RPBE functional gives a better agreement
with the experiment for E; = 0.9 eV at normal incidence. The AIMD reaction
probabilities computed with PBE and RPBE showed little dependence on E;, in
disagreement with experiments. The authors suggested that the reason of this
discrepancy is that both the PBE and the RPBE functionals return too deep
molecular adsorption wells. The authors also showed that surface atom motion
and energy exchange with the surface cannot be neglected in modeling the dis-
sociation of Ny on W(110). Especially for the PBE functional, the work showed
that inclusion of surface motion may change the reaction probability curve in a
qualitative fashion, leading to changes in how the reaction probability depends on
incidence energy, and indicating that a verdict on the accuracy of the functional

used to describe the interaction should be based on a comparison of accurate
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experiments to calculations modeling surface motion accurately.

In order to further improve the theoretical description of Ny on W(110)
Martin-Gondre et al. tested different functionals that account for the vdW inter-
action [17]. The authors performed a static study of some vdW functionals and
computed the reaction probability for a few energies with AIMD in the frozen
surface approximation (AIMD-FS). Some of the functionals studied improve the
static properties of the PES, giving less deep molecular adsorption wells and re-
turning barriers for the desorption and for the dissociation from the molecular
adsorption states closer to each other than found with semi-local functionals,
in better agreement with experimental evidence [18]. However, the dissociation
probabilities calculated with AIMD-FS using the vdW functionals considered did
not show better agreement with experiments than the previously used semi-local
functionals (i.e., PBE and RPBE).

Two of the most promising functionals that were identified through static
calculations are the vdW-DF [19] and the vdW-DF?2 [20] functionals. The latter,
which has not been tested yet in dynamic simulations, is particularly interesting
regarding the depth of the molecular adsorption wells and the balance between
desorption and dissociation of Ns from these wells. On the other hand the vdW-
DF2 functional shows high barriers for the direct dissociation, which are located
far from the surface, just like the RPBE functional. Therefore the vdW-DF2
functional might provide a good description of the reaction at normal incidence.
Moreover the attractive long-range van der Waals interactions might improve the
agreement with experiments at off-normal incidence.

Here we have extended the static analysis of the No+W(110) PES also con-
sidering other molecular adsorption minima [15] than considered in Ref. [17] and
testing both the vdW-DF and the vdW-DF2 functionals. We have also performed
AIMD calculations for Ny impinging on the W(110) surface using the vdW-DF2
functional, simultaneously accounting for both the effect of the long range vdW
interactions and the effect of surface atom motion on the dissociation probability.
Our work is part of a larger effort to construct semi-empirical density functionals

for a range of molecule-metal surface systems, with the ultimate aim of construct-
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ing a database of chemically accurate reaction barriers for these systems [21].

We found that, even though the vdW-DF2 functional seems to return a PES
that is in better agreement with the experimental evidence than the PBE and
RPBE functionals, in the sense that barriers of more similar height are found for
molecular desorption and dissociative chemisorption starting from the molecu-
lar chemisorption well [18], AIMD calculations using this functional still fail at
quantitatively reproducing the molecular beam experiments. As for the previ-
ously tested semi-local functionals [15], the vdW-DF2 functional returns almost

flat reaction probability curves, showing little dependence on incidence energy.

The overall performance of the vdW-DF2 functional in describing the reactiv-
ity at normal incidence is similar to that of the PW91 and RPBE functionals, if
the experiments of Piniir et al. [8] are taken as the reference. On the other hand,
for normal incidence the vdW-DF2 functional yields the best description of the
results published by Rettner et al. 4 years later [7]. The vdW-DF2 functional also
yields the best overall description of the results of Piniir et al. for an incidence
angle of 60°. The quality of the description of off-normal incidence by vdW-DF2
might be even better than suggested by the present comparison with the data of
Piniir et al.. If the correction factor implied by the comparison of the Rettner
et al. data to those of Piir et al. for normal incidence (reaction probabilities
diminished by a factor 1.4) was based on improvements of the experiments, and
if a similar factor should be applicable for off-normal incidence, the comparison

with experiment should be further improved.

This Chapter is organized as follows. Section 3.2 describes the methodology.
In Section 3.3 the results are reported and discussed in two Subsections: Section
3.3.1 describes the static study of the PES, including the molecular adsorption
states and the barriers involved in the reaction process, and Section 3.3.2 reports
and analyzes the AIMD results. Section 3.4 summarizes the results and the main

conclusions of this work.



61

3.2 Method

All the electronic structure calculations have been performed using the Vienna
ab initio simulation package (VASP) DFT code [22-25]. The basis set employed
includes plane waves with a kinetic energy lower than 450 eV. Tungsten is a body
centered cubic (bcc) metal and the W(110) surface has been simulated by a 5
layer slab using a 2x2 surface unit cell. The slab is separated from its periodic
image by a 14 A vacuum. The first Brillouin zone has been sampled by a T-
centered 8x8x1 K-point grid. To facilitate the electronic convergence a Fermi
smearing with a width parameter of 0.1 eV has been used. The core electrons
have been modeled using the projector augmented wave (PAW) method [25, 26].
For tungsten the 6 valence electrons have been modeled as active while the other
electrons have been frozen in the core. We have also tested the PAW implementa-
tion which models 6 additional semi-core p electrons as active electrons, but the
equilibrium lattice constant for bulk W and the relaxed interlayer distances in
the W(110) surface did not considerably change from the 6-active-electrons-PAW
results. Furthermore, molecular adsorption energies calculated with vdW-DF2
using the two different PAW implementations differ by less than 26 meV in agree-

ment with tests performed for semi-local functionals [15].

The effect of the size of the supercell has also been carefully tested for the
molecular adsorption energy and for one of the barriers involved in the dissocia-
tion as found for the 2x2 cell. Increasing the supercell size from 2x2, which we
have used, to 3x3 changes the barrier height for the dissociation from the hollow-
parallel molecular adsorption site by only 25 meV, and the molecular adsorption

energies by less than 40 meV.

In our study we have simulated molecules impinging on the surface at normal
and off-normal incidence. In the latter simulations it is possible that the molecule
interacts with the surface and subsequently closely interacts with the periodic
image of the same part of the surface, in the actual collision. However, it has
been shown that the mere distortion of the surface does not significantly affect

the reactivity of No on W(110), at least for normal incidence. AIMD simulations
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on a frozen surface but with the atoms displaced like in the moving surface
calculations [15] have given the same reaction probabilities (within error bars) as
dynamics on the ideal frozen surface (computed by Alducin et al. [10]), suggesting
a small effect on reactivity of the surface distortion induced by periodicity and

justifying the use of the smaller 2x2 supercell.

The calculations have been performed using the vdW-DF2 functional devel-
oped by Lee et al. [20] as efficiently implemented in the VASP code [27, 28]. The
vdW-DF functional [19] has been tested too but only in the static calculations.

The equilibrium tungsten lattice constant has been calculated as 3.183 and
3.238 A with the vdW-DF and vdW-DF2 functionals, respectively, as compared
with the experimental low-temperature value of 3.163 A [29]. Molecular ad-
sorption energies (Fqq4s) and dissociation energies (Eg4;55) have been computed

as:

Eads = €ads — €asym> (31)

Ediss = €diss — €asym» (32)

where €,5ym is the absolute energy of the molecule in its equilibrium geometry
placed halfway between two periodic replicas of the slab, €,4s is the absolute
energy of the molecule in the adsorption configuration and €4;ss is the absolute
energy of the two N atoms in the dissociation configuration. We verified that,
in the asymptotic configuration, €,sym does not depend on the orientation of the
molecule and that, even by doubling the vacuum width, the adsorption energies
vary by less than 15 meV. €4;5s and €,4s have been obtained within the static

surface approximation, as was done in previous work [15].

The barriers for the direct dissociation (ELTP%%) have been extracted from
pre-computed 2D potential energy surfaces (PESs) in the molecular bond (r) and
in the distance of the center of mass from the surface (Z) for different fixed im-
pact sites and orientations. In the process of the indirect dissociation two barriers
are involved (as shown in Figure 3.1): the first barrier separates the asymptotic

configuration from the molecular adsorption state, while the second barrier sep-
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Figure 3.1: Scheme of the barriers considered. The barrier for the desorption (EPe")
and the barrier for the indirect dissociation (Fji™¢P**) represented as thick black lines

are referred to the energy of the adsorption state. The entrance channel barrier for the

molecular adsorption (Ef™") and the exit channel barrier for the dissociative chemisorp-

tion (Eg"), represented as red dash lines, are referred to the asymptotic energy.

arates the molecular adsorption state from the dissociative chemisorption state.
The barriers for the molecular adsorption (Ef™ or EbD % as referred to €qsym Or
t0 €qds, respectively), see Figure 3.1, have been extracted from pre-calculated
(r,Z) 2D PESs including the adsorption geometries. The barriers for the indirect
dissociation (Eg’”t or Eé"dm“ as referred to €,sym 0T t0 €q4s, respectively) have
been computed through climbing image nudged elastic band (CI-NEB) calcula-
tions. In the CI-NEB calculations, implemented in the VASP-TST package by
Henkelman and Jénsson [30, 31], four images have been optimized along the MEP
between the reactants and the products. A CI-NEB calculation has been consid-
ered converged when the forces acting on all the images become smaller than 20
meV/ A. We tested this threshold by repeating one of the CI-NEB calculations
until the forces acting on all the images become smaller than 5 meV/A and we
found the same barrier height within 1 meV. We verified that the barrier geome-
tries obtained with the CI-NEB calculations are real first-order saddle points by

computing the vibrational frequencies.

In order to compute the reaction probability we performed AIMD calcula-

tions [32-35]. AIMD allows one to model the Ny + W(110) system while taking



64 Chapter 3 — Ny on W(110): Application of vdW functionals

into account not only the six molecular degrees of freedom but also surface atom
motion, which is known to considerably affect the dynamics of this system [15].
The AIMD trajectories have been propagated using the Verlet algorithm as im-
plemented in VASP with a 1 fs time-step. With the time-step used the average
energy drift of the AIMD trajectories (computed as the difference between the
maximum and the minimum value of total free energy in each trajectory) is
about 25 meV. Much of the details of our AIMD calculations are similar to those

described in Chapter 2 and in Ref. [15].

In order to compare our results with molecular beam experiments [7, 8], which
were performed for a surface temperature (Ts) of 800 K, the theoretical 0 K
lattice constant has been multiplied with a factor 1.0037 in order to describe the
experimental expansion of the bulk at 800 K [36]. For an optimal sampling of
the surface initial conditions we equilibrated ten differently initialized W(110)
slabs. The initial displacements and velocities of the surface atoms have been
generated according to an independent harmonic oscillators model (see Chapter
2). To overcome the harmonic approximation and achieve a proper description of
the surface we next performed a 2.5 ps AIMD equilibration of the clean surfaces
to impose the appropriate surface temperature. The surface initial conditions
for the Ny + W(110) trajectories have been randomly chosen from the last 1000
configurations assumed by the surfaces in the slab equilibrations, as described in
Ref. [15].

In the molecule-surface dynamics the Ny molecule is initially in the rovibra-
tional ground-state (i.e. v = 0, j = 0), randomly oriented and placed with its
center of mass (COM) 6 A above the surface where the interaction potential is
reasonably close to zero. A molecule has been considered scattered if, after the
impact at the surface, the molecule-surface distance becomes larger than 6 A and
the COM velocity is pointing away from the surface. A molecule is considered
reacted if the interatomic distance (r) of Ny becomes larger than 2.0 A (1.8 times
the equilibrium interatomic distance) and if the distance between the two N atoms
becomes larger than the distance between the first atom and the closest periodic

image of the second atom. The reactive events have been classified as “direct” or
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“indirect” depending on whether the molecule performed, respectively, less than
four or more than three rebounds on the surface before dissociating [10]. Con-
sistently with previous work [15], one rebound has been counted every time the
velocity of the molecule changes from pointing away from the surface to pointing
towards the surface. The trajectories have been propagated until one of the de-
scribed outcomes is reached. However, in a few trajectories (between 6.5% and
4.5% of the total for the lowest E; at normal and off-normal incidence, respec-
tively, and in even fewer cases at higher E;) the Ny molecule remains trapped on
the surface for a long time without either desorbing or dissociating. Because of
the high computational cost of AIMD, in these cases the propagation has been
stopped after 4.2 ps and the corresponding trajectories have been labeled as “un-
clear”. A molecule has been considered trapped on the surface if it performed at
least three bounces on the surface. The trapping probability has been defined as
the number of trajectories in which the molecule undergoes trapping (regardless

of the final outcome) divided by the total number of trajectories.

Each sticking probability value is estimated from 400 NV E trajectories (i.e.
constant number of atoms, volume and total energy) performed for the same
collision energy (FE;) and incidence angle (©;) while including the No zero-point
energy in the calculation (quasi-classical trajectories, QCTs). Assunming energy
conservation, for the scattered AIMD trajectories the amount of energy trans-

ferred to the surface (ET) has been computed as:

ET = (K + V)initial - (K + V)final; (33)

by evaluating the kinetic energy of the molecule (K) and the interaction potential
between the two N atoms (V') at the initial and at the final step of the trajectory.
A positive value implies that energy is transferred from the molecule to the surface
and a negative value that energy is transferred from the surface to the molecule.
In Equation 3.3, Kinitiar and Kyine are computed as the sum of the kinetic
energies of the two N atoms in the first and in the last step of the dynamics,

respectively. To obtain the potential energy terms we computed a fit of the one-
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dimensional interatomic potential for the Ny molecule and we obtained Vjpitial
and Vyinar according to the interatomic N-N distance at the initial and at the
final step of the dynamics, respectively. Note that the energy transfer has been
evaluated only for scattered molecules, for which our procedure is justified if
energy conservation is assumed.

The relative variation of the interlayer distance Ad,,, with respect to the

corresponding bulk value (dp) has been defined as:

(dmn - db)

A =
dmn db

-100%, (3.4)

where m and n are indexes identifying the two layers considered. The results
for Ty, = 0 K, obtained by optimizing the slab interlayer distances while using
the vdW-DF2 functional, show contraction of the first interlayer distance (i.e.
Adys = —3.8%) and a slight expansion of the second interlayer distance (i.e.
Adss = 0.10%) with respect to the corresponding bulk value (dp). The same
quantities obtained for Ty = 800 K, averaging over all the configurations employed
for sampling the surface initial conditions, are not considerably different from
the corresponding equilibrium values. However, Ads3 becomes negative in the
dynamics picture. These results are in good agreement with previous theoretical
work based on DFT with full-potential linearized augmented plane-waves (DFT-
FLAPW) [37] and in reasonable agreement with X-ray diffraction experimental
data [38] (Table 3.1).

vdW-DF2 vdW-DF2 DFT X-ray
T, =0K Ts =800 K FLAPW diffraction
(equilibrium) (dynamics) [37] [38]
Adis -4.20 % -4.10 + 0.02 % -4.1 % 27+05%
Adas 0.10 % -0.96 + 0.02 % -0.4 % 0.0+ 0.3 %

Table 3.1: Relative interlayer variations with respect to the bulk computed from exper-
iments and with different theoretical methods.

The reaction probabilities are reported with statistical error bars (o,) that

represent the 68% confidence intervals [39]. For a reaction probability p calculated
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from the computation of IV trajectories, o, is defined as:

op=vp(l —p)/N. (3.5)

The relative interlayer variations (Ad,,,) and the mean energy transfer from the
molecule to the surface ((E7)) are reported with statistical standard errors (i.e.,
the standard deviation divided by the square root of the number of values used

to compute the average).

3.3 Results and Discussion

3.3.1 Static Results

To properly model the dissociation of No on W(110) a density functional that
correctly describes the molecule-surface interaction is needed. Therefore we first
studied the shape and the features of the PES for molecular nitrogen interacting
with an ideal W(110) surface, using the functional considered, through static
calculations. The coordinate system employed is represented in Figure 3.2.
There is experimental [18, 40] and theoretical [10, 11, 15, 17] evidence for the
existence of molecular adsorption states of Ny on W(110). The associated con-
figurations are believed to be relevant to the indirect dissociation mechanism in
which the molecule remains trapped near the surface before dissociating [10, 15].
The presence of deep molecular adsorption minima leads to a higher probabil-
ity for the molecule to be trapped close to the surface and, therefore, a higher
dissociation probability. As in previous work [15] three molecular adsorption ge-
ometries have been found; some details of these geometries are reported in Table
3.2 and a sketch of the molecular adsorption states is represented in Figure 3.3.
The molecular adsorption states found are the following: the top-vertical (tpv)
state, in which the molecule is perpendicular to the surface and above a top site,
the hollow-parallel (hlp) state, in which the molecule is parallel to the surface
with the center of mass above the four-fold hollow site (and ¢ = 0°), and the

bridge-hollow-tilted (bht) state, in which one of the two atoms is roughly above a
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ZA fa) A

y B

hollow

hollow-shifted

Figure 3.2: Coordinate system (A) and sites on the surface (B). Dark gray, dark blue
and light blue are used for first layer W atoms, second layer W atoms and nitrogen
respectively. In panel A the orientation angles 6 (green) and ¢ (red) are reported for
Ns. In panel B the irreducible wedge is indicated.
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0/1°] r/IA] Z/[A]

tpv 0.00 1.137 2.672
PBE hlp 90.00 1.363 1.378
bht 74.48 1.307 1.537
tpv 0.00 1.141 2.694
RPBE hlp 90.00 1.370 1.391
bht 74.61 1.316 1.544
tpv 0.00 1.141 2.707
vdW-DF hlp 90.00 1.395 1.397
bht 74.79 1.330 1.560
tpv 0.00 1.130 2.744
vdW-DF2  hlp 90.00 1.375 1.402
bht 73.96 1.290 1.598

Table 3.2: Molecular adsorption geometries as obtained with different functionals. Z is
the distance between the center of mass (COM) of the molecule and the surface, r is
the N-N distance and 0 is the polar angle of orientation of the molecule. The tpv, hlp
and bht abbreviations stand for top-vertical, hollow-parallel and bridge-hollow-tilted
respectively. The PBE and the RPBE data are from Ref. [15].

bridge site and the other one close to a hollow site; in this geometry the molecular

axis is neither perpendicular nor parallel to the surface.

The molecular adsorption energies (Eyq5) for the adsorption states calculated
with the vdW-DF2 functional are smaller than both the PBE and the RPBE
values, with the exception of the top-vertical state for which E,4s is 0.1 eV larger
(i.e., more negative) for the vdW-DF2 functional than for the RPBE functional
(see Table 3.3). E,q4s for the bridge-hollow-tilted adsorption is particularly small
(i.e., -0.286 eV, vs -0.984 ¢V for PBE and -0.543 ¢V for RPBE). Considering that
the trapping mediated dissociation represents a large fraction of the reactivity at
the lower F; values investigated for PBE and RPBE and that for this collision
energy range the experimental Sy is overestimated with these functionals, the
smaller values of E, 45 found with the vdW-DF2 functional suggest a lower con-
tribution of the indirect dissociation channel to the reactivity. As is shown in the

next Section, this does improve agreement with experimental data. For the vdW-
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DF functional the molecular adsorption energies calculated are very similar to
the PBE results. Moreover previous static surface AIMD simulations performed
by Martin-Gondre et al. [17] showed an underestimation of the experimental re-
action probability using this functional. Therefore in this work we focus on the
more promising vdW-DF2 functional.

Interestingly the tested vdW functionals show generally weaker bonding for
the molecular adsorption of Ny, but note that it is not easy to predict and to
intuitively explain the behavior of a density functional. Moreover compared to
the GGA functionals previously used (PBE and RPBE) both the exchange and
the correlation parts have changed. The van der Waals functionals of the DF
family (vdW-DF and vdW-DF2) have been designed to reproduce well purely
vdW bound systems like rare gas dimers, and they couple a non-local correlation
term that accounts for vdW interaction with a GGA exchange functional (i.e.,
revPBE and rPW86 for the DF and for the DF2 functional respectively [19, 20]).
As a result these functionals can be more repulsive at intermediate distances
where chemical bonding occurs while they are usually more attractive at long

distances where any bonding is due to vdW dispersion (see also Figure 3.4).

Eaas / [eV]
tpv hlp bht
PBE -0.621 -1.444 -0.984
RPBE -0.385 -0.972 -0.543

vdW-DF -0.661 -1.340 -0.904
vdW-DF2 -0.480 -0.626 -0.286

Table 3.3: Molecular adsorption energies for N2 on W(110), in eV. The tpv, hlp and
bht abbreviations stand for top-vertical, hollow-parallel and bridge-hollow-tilted respec-
tively. The PBE and the RPBE data are from Ref. [15].

If a molecule approaches the surface at normal incidence, it may encounter
an energy barrier [15] before reaching a molecular adsorption state. In order
to investigate this, we computed two dimensional (r,Z) potential energy cuts
setting the remaining degrees of freedom (DOF) equal to the ones characterizing

the molecular adsorption geometries. The three elbow plots (Figure 3.3) have
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Apridge-hollow-tilted (bht) top-vertical (tpv) 4 hollow-parallel (hlp)
X=375A X =0.00 A X=229A
Y=1.36A Y =0.00A Y =0.00A
3 0 = 73.96° 8 =0.0° 3 8 =90.0°
< ¢ =-119.8° ¢ =0.0° < ¢ =0.0°
N N
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Figure 3.3: 2D (r,Z) cuts of the PES computed for the three molecular adsorption
geometries: bridge-hollow-tilted (A), top-vertical (B) and hollow-parallel (C). Contour
lines separate 0.2 eV energy intervals, solid lines are used for £ > 0 eV, and dashed
lines for E < 0 eV. Circles indicate all the (first order) saddle points. The black circles
represent the entrance channel barriers for molecular adsorption (Ef™") and the white
circles are 2D saddle-points that are not real first order saddle-points in the 6D space
(see text for details). Sketches of the top and of the side views of the geometry are
reported below the respective PES. The first layer atoms are shown in gray and the
second layer atom is shown in dark blue, the nitrogen atoms are shown in light blue.
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Energy /[ eV ]

Z/TA]

Figure 3.4: 1D cuts of the potential as a function of the distance between the molecule’s
COM from the surface (Z) above a top site oriented either parallel (§ = 90°, blue) or
perpendicular (§ = 0°, red) to the surface. The zero of the energy is the absolute
energy of the molecule in the asymptotic configuration at the gas-phase equilibrium
intramolecular distance (r = r¢). The 75 meV deep vdW well is indicated in green.

been computed interpolating DFT energy values on a fine grid in r» and Z. The
entrance channel barriers for molecular adsorption Ef™ that are extracted from
these 2D cuts are reported in Table 3.4 together with the desorption barriers
EPes(calculated with respect to the bottom of the adsorption well). The vdW-
DF2 barrier heights are intermediate between the PBE and the RPBE values,
except for the access to the top-vertical state which is barrierless for the vdW-
DF2 functional while small barriers were found for the PBE and the RPBE
functionals (0.005 eV and 0.071 eV, respectively). Two saddle points and two
local minima have been found in the 2D plot corresponding to the hollow-parallel
configuration. The first saddle point (black circle, Figure 3.3) is the Ef"™ barrier.
We investigated the nature of the second 2D saddle point by means of geometry
relaxation and frequency calculations and we found that this is not a first order
saddle point (i.e., a stationary point for which all the frequencies are real numbers

except for one which is imaginary) in the full 6D space.

The vdW-DF2 functional has been developed to also model long-range at-

tractive van der Waals interactions. To understand the properties of the PES
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E{™ (By%) [ [eV]

tpv hlp bht
PBE 0.005 (0.626)  0.406 (1.850)  0.387 (1.371)
RPBE 0.071 (0.456)  0.629 (1.601) 0.610 (1.153)
vdW-DF2 - (0.480) 0.465 (1.091) 0.405 (0.691)

Table 3.4: Entrance channel barriers for molecular adsorption (E{™) and for the des-

orption (E{P**, in brackets), in eV. The tpv, hlp and bht abbreviations stand for top-

vertical, hollow-parallel and bridge-hollow-tilted respectively. All the vdW-DF2 values
are extracted from the 2D cuts in Figure 3.3, the PBE and the RPBE data are from
Ref. [15].

far from the surface, two one-dimensional energy diagrams have been computed
(Figure 3.4). The bond length of Ny has been fixed to the equilibrium value
in the gas-phase (i.e., 1.113 A) and the molecule-surface interaction has been
calculated varying the distance of the molecule’s COM to the surface. The two
potential curves have been computed for the molecule above the top site, one
with the molecular axis perpendicular and one with the molecular axis parallel
to the surface. For Z > 4 A there is no potential difference between the two
molecular orientations. For Z < 4 A a molecule perpendicular to the surface can
enter the top-vertical adsorption well without any barrier, as mentioned above.
At about 4 A from the surface an adsorption well (vdW or physisorption well)
of about 75 meV depth is observed in the vdW-DF2 results (Figure 3.4). Such
a well is not observed with regular GGA functionals like PBE or RPBE and,
as is shown in the next Section, it can affect the dynamics by trapping “slow”

molecules at about 4 A from the surface.

In addition to these “straight paths” to access the molecular adsorption wells,
a molecule could follow more complicated paths in which the impact site and
the molecular orientation change along the path, potentially leading to lower
barriers. For instance a molecule could follow a barrierless path to enter the
top-vertical adsorption well and then move towards another adsorption state.
CI-NEB calculations have been performed to obtain the MEPs and the barriers

connecting the top-vertical adsorption state to the bridge-hollow-tilted and the
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hollow-parallel configuration. Relative to the asymptotic reference (No far away
from the surface at 0 eV) a small (18 meV) barrier has been found for the tpv-
to-hlp path (Figure 3.5B) while the tpv-to-bht path is barrierless (Figure 5A).
Considering that the minimum initial translation energy of our AIMD trajectories
is 0.9 eV, the molecules should in all cases studied have enough energy to overcome
the barriers shown in Figure 3.5 and to explore the PES close to the surface

without being confined to a specific molecular adsorption minimum.

Previous work [10, 15] showed that PBE overestimates the dissociation prob-
ability at E; = 0.9 eV. Moreover, it was found [15] that the molecules that
visit at least one of the molecular adsorption states dissociate in the majority
of cases. These results would be consistent with the barriers for the dissociative
chemisorption being too low compared to the ones for desorption from the molec-
ular chemisorption well. Experimental work [18] suggests that, for the molecule
initially in the molecular chemisorption well, barriers for desorption and dissocia-
tion of similar height should be expected for N on W(110). In fact, Lin et al. [18]
studied No on W(110) with different experimental techniques (temperature pro-
grammed desorption, Auger spectroscopy and X-ray photoelectron spectroscopy),
estimating, for both the dissociation and the desorption, an activation energy of
about 0.450 eV, which is reasonably similar to the barrier for the desorption from
the top-vertical molecular adsorption state computed using vdW-DF2 (i.e. 0.480
eV).

Indirect dissociation barriers (E{"4Ps) and desorption barriers (EP¢*) have
been calculated using the vdW-DF2 functional. The latter have been extracted
from the elbow plots in Figure 3.3 and the former have been calculated performing
CI-NEB calculations connecting the molecular adsorption state to a dissociated
configuration in which the N atoms are above two bridge sites ( “hollow-to-bridge”
dissociation). The hollow-to-bridge geometry has been chosen as the final con-
figuration of the CI-NEB calculations in order to simulate the dissociation above
an hollow site which is known to be involved in the dissociative chemisorption
of Ny on W(110) [10, 15]. Moreover this geometry has been used as the final

configuration of CI-NEB calculations on the same system in previous work [17].
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Figure 3.5: Paths connecting two molecular adsorption states as obtained from CI-NEB
calculations. The paths connect the top vertical state to either the bridge hollow tilted
(A) or to the hollow parallel state (B). The zero of the energy is the absolute energy
of the molecule in the asymptotic configuration. The initial, the barrier and the final
states are highlighted in red and the respective geometries are sketched as insets in the
plots.
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The barrier heights, relative to the energy of the adsorption state (as illustrated
in Figure 3.1), are reported in Table 3.5A. The E;{"dmss value for the path con-
necting the top-vertical molecular adsorption geometry and the hollow-to-bridge
dissociation with the vdW-DF2 functional (marked with a dagger! in Table 3.5)
is extracted from Figure 2 of Ref. [17]. Note that this value was obtained al-
lowing the relaxation of the two topmost surface layers in the NEB calculation
whereas our results have been computed within the frozen surface approxima-
tion. With the vdW-DF2 functional it has not been possible to converge the
CI-NEB calculation to obtain this barrier within the static surface approxima-
tion. Martin-Gondre et al. [17] also found problems to obtain the barrier height
for the same path within the frozen surface approximation. They managed to
properly converge this path and to compute the barrier height only if the two
topmost surface layers were allowed to relax. We also report their value in Table

3.5 for this barrier.

The exit channel barriers for the dissociation have also been calculated con-
sidering the asymptotic state as the energy zero (Ef**, reported in Table 3.5B)
and, for all the adsorption states and functionals, Ef*" is negative (i.e. below the
gas-phase level). The vdW-DF2 functional shows lower desorption barriers than
PBE and RPBE [15]; In general the values of E/"4P% and EPs computed with
vdW-DF2 are closer to each other than found with the other functionals, which
is consistent with experimental results [18]. The better agreement of vdW-DF2
static results with the experimental findings suggests that, in the molecular dy-
namics simulation, there might be less indirect reaction, which could result in bet-
ter agreement with the experimental reaction probability (Sp). As already noted,
the vdW-DF2 barrier for the desorption from the top-vertical molecular adsorp-
tion state (Eéj €8 = 0.480 eV) is in good agreement with the experimental barrier
height suggested by Lin et al. (i.e., &~ 0.450 eV) [18]. However, the vdW-DF2
barrier for the indirect dissociation is somewhat too low (EL"Piss = 0.406 eV),

it should be closer to the desorption barrier height.

Experimentally Ng is known to adsorb on W(110) in a state which has been

labeled «-Ny with an estimated adsorption energy of -0.450 eV [40]. This value
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tpv / [eV ] hlp / [eV ] bht / [ eV ]
EgndDiss EbDes EéndDiss EbDes EéndDiss EbDes
PBE 0.189 0.626 0.467 1.850 0.498 1.371
RPBE 0.271 0.456 0.442 1.601 0.500 1.153
vdW-DF2 0.406" 0.480 0.182 1.091 0.271 0.691
(A)
tpv / [eV ] hlp / [eV ] bht / [ eV ]
EgndDiss Egzt EéndDiss Egzt El{ndDiss Egzt
PBE 0.189 -0.432 0.467 -0.977 0.498 -0.486
RPBE 0.271 -0.114 0.442 -0.550 0.500 -0.043
vdW-DF2 0.406" -0.170" 0.182 -0.444 0.271 -0.015

(B)

Table 3.5: (A) Barriers (in eV) for the desorption (E**) and for the dissociation
(E{mdPiss) a5 calculated from the bottom of the molecular adsorption wells indicated.
(B) Comparison between the dissociation barriers (in eV) calculated with respect to
the asymptotic configuration (Eg*!) or with respect of the bottom of the molecular
adsorption configuration indicated (E{"*P%**). The tpv, hlp and bht abbreviations
stand for top-vertical, hollow-parallel and bridge-hollow-tilted respectively. The PBE
and the RPBE data are from Ref. [15]. The ElrdPiss and Eg® values for tpv, marked
with a dagger ( T ), are extracted from Figure 2 of Ref. [17]. Note that these values
were obtained allowing the relaxation of the two topmost surface layers in the NEB
calculation whereas the other results have been computed within the frozen surface
approximation, see text for details.
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agrees well with the adsorption energy we obtained with vdW-DF2 for the top-
vertical adsorption state (E,qs = —0.480 eV). There is also experimental evidence
for another adsorption state of Ny on W(110) called -No. Zhang et al. [40] re-
ported the presence of this adsorption state generated through electron bombard-
ment of v-Ny in electron stimulated desorption (ESD) experiments, and suggested
an adsorption geometry with the molecule lying parallel to the surface with the
NN bond elongated with respect to Ny in the gas-phase. The hollow-parallel
adsorption state we found is characterized by a molecule placed parallel to the
surface with an elongated NN bond. Therefore, it might correspond to the exper-
imentally observed 6-N, state. Moreover, the thermal programmed desorption
(TPD) spectra before and after the ESD do not significantly differ, suggesting
either that the desorption activation energy is similar for 4-Ny and 0-Ng, or that
the adsorbed molecules convert from the ¢ to the v state before desorbing. Our
findings are consistent with the latter explanation: in fact the hollow-parallel
barrier for direct desorption (Ef = 1.091 eV) is much higher than the bar-
rier to convert the hollow-parallel adsorption state to the top-vertical adsorption
state (E, = 0.644 eV). However §-N3 has not been found to give rise to atomic N
in TPD or ESD experiments, suggesting a large dissociation barrier for the 6-Ng
state, whereas the vdW-DF2 functional shows only a small dissociation barrier

for the hollow-parallel state (i.e., Ef"Ps = 0.182 eV).

We have studied the details of the energy landscape that influence the direct
dissociation mechanism, which implies dissociation at the first impact on the
surface or after a few rebounds. Four additional 2D cuts of the potential (Figure
3.6) have been computed considering four configurations that might be involved
in this process. The configurations considered (Figure 3.7) involve the bridge-
to-hollow dissociation, the bridge-to-hollow-shifted dissociation, the hollow-to-
bridge dissociation, and the top-to-hollow dissociation. The first site specified
in the configuration name is the the molecular COM position and the second
one is the name of the site to which the two N atoms are pointing (for example,
in the bridge-to-hollow configuration the center of mass is above a bridge site

and the N atoms point towards two hollow sites). The configurations considered
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(Figure 3.7) are representative of all the possible 2D paths that allow the 2 N
atoms to end up in two equivalent (local) adsorption minima (hollow, bridge or
hollow-shifted) and the corresponding dissociative chemisorption energies (Eg;ss)
are reported in Table 3.6. The real absolute atomic adsorption minimum of the
infinite system is the one in which the N atoms are infinitely far from each other.
Within our supercell, the real absolute energy minimum is the one corresponding
to the bridge-to-hollow-shifted dissociation. The atomic adsorption site over the
bridge site and the one over the hollow site are not real minima but stationary
points with one or two small imaginary frequencies. They have been used as final
configurations to simulate the dissociation above the hollow and the bridge sites,
respectively, as the associated reaction paths are known to be relevant for this

system.

The Fg4;ss values are calculated considering the asymptotic energy as the en-
ergy zero and Table 3.6 shows that the dissociative chemisorption of Ny on W(110)
is an exothermic process. The most stable dissociative geometry among the ones
considered is the bridge-to-hollow-shifted geometry. The bridge-to-hollow and
the top-to-hollow dissociation geometries differ in energy by 151 meV because
the distances between the two N atoms differ in the dissociated geometries.

2D plots including the dissociation geometries mentioned above have been
calculated with the same procedure as used for Figure 3.3. The barriers for the
direct dissociation (EPP%%) as extracted from the 2D plots in Figure 3.6, are
reported in Table 3.7. For the top-to-hollow dissociation we found a very high
barrier at Z = 1.76 A. For both the bridge-to-hollow and the hollow-to-bridge
dissociation the MEP on the 2D PES shows two local minima and two saddle
points. The entrance channel barriers for the direct dissociation (EbD"D“S, rep-
resented as black circles in Figure 3.6) are located in the region between 2.0 and
2.5 A from the surface and the corresponding barrier heights, for vdW-DF2, are
larger than for PBE but lower than for RPBE. Compared to RPBE, the vdW-
DF2 functional is less repulsive far from the surface (Z > 2 A) where the barriers

for the direct dissociation are located. Performing geometry relaxation and fre-

quency calculations we verified that, in both cases, the first minimum along the
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Figure 3.6: 2D (r,Z) cuts of the PES computed for four dissociation geometries: bridge-
to-hollow (A), bridge-to-hollow-shifted (B), hollow-to-bridge (C) and top-to-hollow (D).
Contour lines separate 0.2 eV energy intervals, solid lines are used for £ > 0 eV and
dashed lines for £ < 0 eV. Circles indicate all the stationary points. The black circles
represent the entrance channel barriers for dissociation (EL"P%*) and the white circles
are 2D saddle-points that are not real first order saddle-points in the 6D space (see

text for details). The top and the side view sketches of the direct dissociation barrier
geometries are reported below the corresponding elbow plots.
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Figure 3.7: Dissociation products considered as a result of a bridge-to-hollow (A),
hollow-to-bridge (B), bridge-to-hollow-shifted (C) and top-to-hollow (D) dissociation.
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configuration Egiss / [ eV ]
hollow-to-bridge -1.273
bridge-to-hollow -1.848
top-to-hollow -1.999
bridge-to-hollow-shifted -2.445

Table 3.6: Dissociation energies (in eV) of the dissociated configurations sketched in
Figure 3.7.

MEP (between the two barriers) is not a real minimum in the 6D space for both

hollow-to-bridge and bridge-to-hollow dissociation.

3.3.2 AIMD Results

The reaction probability (Sp) has been computed for Ny on W(110) for two
incidence angles (©; = 0° and 60°) and four initial collision energies (E; = 0.90,
1.30, 1.70, 2.287 V). We have compared AIMD results at normal incidence with
the results of two molecular beam experiments for Ny on W(110) performed at
T, = 800 K (Figure 3.8). The two experimental data sets, which were obtained by

Piniir et al. [8] and Rettner et al. [7], show a considerable difference in the reaction
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EbDirDiss / [eV]
hollow to  bridge to  top to bridge to
bridge hollow hollow  hollow shifted

PBE 0.543 0.487 - -
RPBE 0.802 0.726 - -
vdW-DF2 0.635 0.563 2.612 0.881

Table 3.7: Barriers for the direct dissociation (in e€V) extracted from the elbow plots in
Figure 3.6. The PBE and the RPBE data are from Ref. [15].

probability (Figure 3.8), in particular at high collision energies: for E; = 2.3 eV
the reaction probability obtained by Rettner et al. is about 0.1 smaller than the
reaction probability obtained by Pfntir et al. We found that multiplying the Sy of
Rettner et al. by a factor of 1.4 makes the reaction probability curve fall almost
on top of the reaction probability curve obtained by Pfniir et al. We focused the
analysis of our results on the comparison with the Pniir et al. results because
their experiments, similarly to previous theoretical work [10, 11, 15], investigated
both normal and off-normal incidence. Moreover Rettner et al. [7] did not give
an explanation about the discrepancies between their sticking probabilities and

the earlier results of Pfniir et al. [8].

For both incidence angles, the AIMD results are in good agreement with
experimental data obtained by Pfniir et al. [8] at E; = 0.9 eV but the agreement
is less good for higher collision energies. For normal incidence the AIMD fails at
reproducing the experimental trend: the experimental Sy increases monotonically
with E; whereas the computed Sy seems to show a minimum for F; between 1.0
and 1.5 eV. For ©; = 60° the results are in good agreement with experiment at
E; = 0.9 eV, but at higher energies AIMD gives reaction probabilities that are
smaller than the experimental ones. Compared to the data of Rettner et al. [7] for
0; = 0° the AIMD results are in quite good agreement with the experiments for
E; > 1.25 €V (Figure 3.8) while for the lowest collision energy (i.e., F; = 0.9 eV)
the AIMD results overestimate the measured reaction probability. Figure 3.8

also shows the upperbounds of the computed reaction probability obtained by
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Figure 3.8: Reaction probability as a function of the collision energy FE; for ©; = 0°
(panel A) and ©; = 60° (panel B). Comparison between experimental data and AIMD
vdW-DF2 results. The dissociation probabilities and their upperbounds are reported as
empty and full black symbols, respectively. Experimental data are taken from Ref. [7]
(empty blue symbols) and Ref. [8] (full blue symbols).
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considering all unclear trajectories as reacted. For the lowest E; investigated the
upperbound reaction probabilities are 0.065 and 0.045 larger than the regular
ones for ©; = 0° and 60°, respectively. For higher F; the upperbounds are not
considerably different from Sy and follow a similar trend in the dependence on

E; as the Sy calculated in the regular way.

In Figure 3.9 vdW-DF2 AIMD results are also compared to previous calcula-
tions performed using PBE and RPBE (from Ref. [15]). For all E; and incidence
angles considered, the vdW-DF2 reaction probabilities are lower than the PBE
results. Compared to RPBE, vdW-DF2 is less reactive for normal incidence. For
0; = 60°, however, vdW-DF2 returns larger reaction probabilities for F; = 0.9 eV
but a similar reaction probability for F; = 2.3 eV.

When it comes to the overall performance of the functionals in describing the
reactivity at normal incidence as measured by Pfniir et al. [8], it is hard to arrive
at a verdict. The vdW-DF2 result is closest to experiment at E; = 0.95 eV, the
RPBE result at E; = 1.3 eV, and the PW91 result at £; = 1.75 and 2.25 eV. None
of the functionals yields a good overall description of the reactivity. However,
the vdW-DF2 functional yields the best description of the results published for
normal incidence by Rettner et al. 4 years later [7]. The vdW-DF2 functional

also best describes the results of Pfniir et al. for an incidence angle of 60°.

Although we have chosen to emphasize the comparison with the data of Pfniir
et al., because they were obtained for both normal and off-normal incidence,
it is interesting to speculate about the quality of the two sets of experimental
results, and possible consequences for the comparison with the AIMD results. As
already noted, the results of Rettner et al. for normal incidence compare well
with those of Pfniir et al. if the latter are divided by a factor 1.4. Unfortunately,
Rettner et al. did not state whether the difference with the earlier data reflected
improvements of the measurements. If that would be the case, and a similar
correction factor should be applicable to the data of Pfniir et al. for 60°, the
agreement of the vdW-DF2 results with the experimental data for this incidence
angle should be further improved. New experiments to resolve this and other

issues concerning experimental accuracy are clearly desirable, as Ny + W(110)
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has become a benchmark system for surface reaction dynamics. Ideally, in new
experiments, the molecular beams used would be well characterized in terms
of their velocity distribution and vibrational and rotational temperature of the
molecules, as calculations on Hy + Cu(111) [41] suggest that these might have

an important effect on the measured sticking probability.

For the vdW-DF2 functional the indirect dissociation channel is still impor-
tant at F; = 0.9 eV, whereas at higher energies reactive events via trapping are
rare for both ©; = 0° and 60° (Figure 3.10). For ©; = 0° vdW-DF2 indirect
reaction probabilities are smaller than for both PBE and RPBE. For ©; = 60°
vdW-DF2 indirect reaction probabilities are smaller than for PBE and larger
than RPBE at low E;. Increasing the collision energy, the vdW-DF2 indirect
reaction probability decreases, becoming smaller than for both PBE and RPBE.
The vdW-DF?2 direct reaction probability is always lower than for PBE. As noted
before, for ©; = 60° the vdW-DF2 functional reproduces the experimental data
of Pfnlir et al. [8] well at the lowest E; simulated but fails for higher energies
where the direct dissociation mechanism dominates. One possibility is that this
functional overestimates the barriers for direct dissociation returning a too low

reaction probability at E; = 2.287 eV.

The molecules that react indirectly at normal incidence spend considerable
time bouncing on the surface before dissociating. Even for the direct reaction
at the lower E; values investigated and normal incidence, most of the molecules
bounce at least once before the dissociation. This is not the case for ©; = 60°
where the direct dissociation occurs mostly as soon as the molecule reaches the
surface. Distributions of the COM positions and 6 values, evaluated at the time of
the dissociation (defined as the time at which the interatomic distance r becomes
larger than 2 A), are reported in Figures 3.11 and 3.12, respectively. Using the
vdW-DF2 functional the direct reaction occurs at the hollow and bridge sites,
while the indirect reaction occurs mostly at the hollow sites. Using the PBE and
the RPBE functionals similar COM distributions are obtained for the direct and
the indirect dissociation (not shown). The molecules react only when the axis

is almost parallel to the surface (# = 90°) for both the direct and the indirect



87

direct S0 indirect SO

F— T T~ T I T T T
0.=0°

Ei/leV]

Figure 3.10: Direct (A, C) and indirect (B, D) reaction probability as a function of
E; for ©; = 0° (A, B) and ©; = 60° (C, D). vdW-DF2 results are reported as black
empty circles. PBE and RPBE data (full red and green circles, respectively) for normal
incidence are taken from Ref. [15].
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dissociation mechanisms (Figure 3.12).

The molecular trapping is related to the possibility, for the molecule, to lose its
translational kinetic energy by transferring it to other molecular DOF's or to the
surface. We evaluated the average amount of energy exchanged with the lattice
((Er)) for the scattering trajectories (Table 3.8). For ©; = 0° a large portion
of E; is transferred to the lattice (i.e. 0.26 eV < (Er) < 0.78 €V) whereas for
©; = 60° the energy transferred is smaller by about a factor two. Similar results
have been found for PBE and RPBE [15]. Our results are also compared with the
energy transfer predicted by the Baule model (ETB‘“‘le), [42] which approximates
the molecule-surface impact as a collision between two hard-spheres with masses

equal to the Ny molecule and a target atom, which is typically taken as one of

the surface atoms (i.e., a W atom):

EBavle _ |, a iMM)T (3.6)
Here p is the ratio between the mass of the Ny molecule and the mass of one W
surface atom. If the system considered shows a significant molecular adsorption
energy, as for Ny on W(110), the modified Baule model is generally used to take
into account the additional kinetic energy that the projectile gains approaching
the surface. In the modified Baule model E; is substituted by (E; + Eguds)
where E,qs is the adsorption energy (in our case we used the largest adsorption
energy, which is the one related to the hollow-parallel configuration, i.e. F,q5 =
0.626 eV). Table 3.8 reports the energy transfer values computed with the Baule
model (Table 3.8A) and the values computed from the average over the AIMD
scattered trajectories (Tables 3.8B and 3.8C).

We also compared the energy exchanged by the molecules that scattered after
a single impact on the surface ((E7)1) with the Baule model predictions (Fig-
ure 3.13), showing that the Baule model considerably overestimates the amount
of energy transferred to the surface even considering a single molecule-surface

collision.

For PBE and RPBE [15] a large fraction of the molecules undergo molecular
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Figure 3.11: XY position of the COM of the reactive molecules at the time of the disso-
ciation (see text for definition). The COM positions have been reported in the minimum
wedge and then replicated in the v/2xv/2 super-cell using symmetry operations. Direct
and indirect events are indicated as red and blue circles respectively. Tungsten first
layer atoms in their equilibrium positions are shown as gray circles.
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Figure 3.12: Distribution of the angle between the molecular axis and the surface normal
(0) at the time of the reaction (see text for definition) for both the direct and the indirect
mechanisms (red and blue lines, respectively). To increase the resolution of the data,
for each molecule the two values of 6 obtained inverting the N atoms have been reported
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E;/[eV] Baule/[eV] Modified Baule / [ eV ]
vdW-DF2 PBE RPBE
0.900 0.413 0.700 1.075  0.859
1.300 0.596 0.884 1.259  1.042
1.700 0.780 1.067 1.443  1.226
2.287 1.049 1.336 1.712  1.495
(A)
©; =0°
(Er) /[ [eV]

E;/[eV]  vAdW-DF2 PBE RPBE
0.900 0.257 £ 0.001 0.214 £ 0.012  0.210 £+ 0.011
1.300 0.396 &£ 0.002 0.348 &£ 0.016  0.335 &+ 0.014
1.700 0.546 £ 0.002 0.483 £ 0.022 0.450 £+ 0.019
2.287 0.779 £ 0.001  0.654 4+ 0.022  0.623 £+ 0.022

(B)
©; = 60°
(Br) [ [V ]

E;/]eV]  vdW-DF2 PBE RPBE
0.900 0.104 £ 0.001  0.071 £ 0.008 0.002 £ 0.002
1.300 0.183 £ 0.001 0.225 4+ 0.016  0.005 £ 0.006
1.700 0.280 + 0.001 0.414 £ 0.022 0.011 £ 0.011
2.287 0.388 £ 0.001 0.546 4+ 0.028 0.019 &+ 0.019

®)

Table 3.8: (A) Energy transfer to the surface according to the Baule model and the
modified Baule model (see text for details) for the E; considered. (B, C) The mean
energy transfer (Er) computed averaging over the scattered trajectories for all the
functionals and collision energies is reported for ©; = 0° and ©; = 60°. PBE and
RPBE data are taken from Ref. [15].
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Figure 3.13: Comparison between the mean energy transfer to the surface calculated
from the molecules that do not perform any rebounds on the surface ((Er)1) and the
energy transfer predicted by the modified Baule model. Data are reported for the
functionals considered (in red, green, and black, for PBE, RPBE and vdW-DF2, re-
spectively) for ©; = 0° (solid lines), ©; = 60° (dotted lines) and for the modified Baule
model (dashed lines). The standard Baule model is reported as a thick blue line. PBE
and RPBE data are taken from Ref. [15].

trapping (between 15 and 40%, depending on E; and ©;) as also reported in
Figure 3.14. Most of the trapped molecules end up dissociating. For vdW-DF2
we found that the fraction of the trajectories that involve molecular trapping
(between 0.05 and 0.2) is significantly lower than for the other functionals at
0; = 0° (Figure 3.14). For ©; = 60° the fraction of trapped molecules found with
vdW-DF2 is smaller than for PBE and monotonically decreases with increasing
collision energy (Figure 3.14). For normal incidence, on average =~ 60% of the
trapped molecules dissociate (Figure 3.15). As found for PBE and RPBE [15], for
normal incidence the fraction of trapped molecules that dissociate is independent
of the collision energy. For ©, = 60° it is not possible to identify a clear trend
because the statistics are poor due to the low number of trapped trajectories at

this incidence angle (Figure 3.15).

Some trajectories are still trapped on the surface at the end of the propagation
time (i.e., 4200 fs) without a clear outcome (reaction or scattering). 80% of

the reactive events occur before a propagation time ¢’ = 1600 fs (roughly 40%
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of our maximum propagation time) and all the molecules that dissociate after
that time go through the indirect dissociation channel. If we assume the ratio
between the molecule scattered and dissociated after ¢’ to be constant in time, we
can extrapolate dissociation probabilities for larger propagation times assigning
an outcome to the unclear trajectories. The two Sy points associated with the
highest number of unclear trajectories are at E; = 0.9 eV for both ©; = 0° and 60°
and they show a reaction/desorption ratio after ¢’ of 1.25 and 0.56, respectively. If
an outcome is assigned to the unclear trajectories according to this extrapolation
the computed Sy values would increase by 0.036 for E; = 0.9 ¢V and ©; = 0°
and by 0.016 for F; = 0.9 eV and ©; = 60°. The main conclusions of our work
would not change on the basis of these estimates, and the small increase of the
reaction probability due to this extrapolation shows that the upperbounds to the

reaction probabilities reported in Figure 3.8 are probably somewhat too large.

The long range van der Waals interaction (Figure 3.4) directly affects the
dynamics through the introduction of a shallow molecular adsorption (physisorp-
tion) well. Note that this physisorption well is not present if traditional func-
tionals like PBE and RPBE are employed, as regular GGA functionals fail to
describe long-range dispersion interactions. A molecule can be trapped either in
one of the molecular adsorption (chemisorption) minima previously described (at
Z ~ 3 A from the surface) or in the vdW well (at Z between 3.5 and 5 A from
the surface). To illustrate the two kinds of adsorption we have chosen two repre-
sentative trajectories (Figure 3.16). In Figure 3.16D the kinetic energy along the
surface normal is plotted as a function of time for a molecule trapped in the vdW
well (reported in red) and for a molecule trapped close to the surface (reported in
green). We observe trapping in the vdW well only following the molecule-surface
collision: it is only through the impact with the surface that the high collision
energy can be transferred from the Z degree of freedom to other molecular or
surface DOFs, allowing for the trapping in the shallow vdW well. Due to the
low corrugation of the potential and the large distance from the surface, energy
exchange between the molecular and the molecule-surface DOFs is expected to

be slow. Therefore the dissociation of a molecule trapped in the vdW well might
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Figure 3.16: (A, B) Probability of short range and vdW trapping for the collision
energies and angles studied. (C, D) Comparison between two trajectories undergoing
short-range (green) and vdW (red) trapping; the distance from the surface (Z) and
the kinetic energy along Z (Kz) are plotted as a function of time. In panel (D), the
interaction potential calculated at Z =4 A is plotted as a horizontal black line.
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occur on a time scale that is too large compared to that which can be afforded
with the AIMD method. However, using the vdW-DF2 functional, the trapping
in the vdW well is quite rare at the collision energies investigated: for ©; = 0° at
the lowest F; we found that only 3% of the trajectories undergo trapping in the
vdW well, and this value decreases to zero for higher collision energies and angles
(Figure 3.16A). Therefore, assigning an outcome to these trajectories would not

considerably change the conclusions of this work.

3.4 Summary and Conclusions

In this work, we have studied the static properties of the PES and we have
computed the sticking probability for No on W(110) employing AIMD. In the
study of the PES the electronic structure calculations have been performed using
functionals that include long range van der Waals interactions, as already tested
on this system by Martin-Gondre et al. [17] with static and dynamic calculations,
but only within the ideal and frozen surface approximation. We extended the
static study with the vdW-DF and the vdW-DF2 functionals by considering
more molecular adsorption configurations and we performed AIMD calculations,
testing the vdW-DF2 functional, accounting for surface atom motion effects and
long range interactions.

Using the vdW-DF2 functional, the PES shows improvements compared to
PESs obtained with standard GGA functionals like PBE and RPBE [15]. The
molecular adsorption wells are less deep and the barriers for the indirect disso-
ciation and for the desorption from these molecular adsorption states are more
similar to each other than with PBE and RPBE, in better agreement with ex-
perimental evidence [18]. Using the vdW-DF?2 functional, the AIMD simulations
show a lower trapping-mediated reaction probability than found for PBE and
RPBE [15], resulting in a reasonable agreement with the molecular beam exper-
iments of Pfniir et al. [8] at E; = 0.9 eV.

However, AIMD underestimates the reaction probability measured by Pfniir et

al. at the higher F; values investigated, where the trapping-mediated dissociation
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mechanism is negligible, resulting in a dissociation probability curve that does not
depend on Ej;, as previously found with semi-local functionals modeling surface
atom motion [15]. This seems to suggest that the vdW-DF2 functional is still
too repulsive in the area of the PES far from the surface in spite of the attractive
vdW interaction modeled, and that the barriers for direct dissociation computed
with the vdW-DF2 functional might still be too high.

When it comes to the overall performance of the functionals used with AIMD
in describing the experiments of Pfniir et al. [8], the vdW-DF2, PBE, and RPBE
functionals are of similar quality in describing the reaction probabilities measured
at normal incidence, with none of the functionals performing very well. On the
other hand, the vdW-DF2 functional performs best in describing the normal inci-
dence data measured four years later by Rettner et al. The vdW-DF2 functional
is also best at describing the reaction probabilities measured by Pfniir et al. [§]
for off-normal incidence. We suggest that new experiments be performed to de-
termine whether the difference between the normal incidence results of Pfniir et
al. and Rettner et al. reflected improvements in the measurement techniques
made over the four year time span that elapsed between the two publications. In
surface science the Ny + W(110) system has become a benchmark system for the
accuracy of dynamical methods and density functionals at describing reactivity
on metal surfaces. Unfortunately, in the study of this system we are arriving
at a point where further progress is becoming hampered by the absence of well
characterized and accurate molecular beam experiments, and by the presence
of unexplained differences between the two experiments that are available for

normal incidence.
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Abstract

Accurately simulating heterogeneously catalyzed reactions requires reliable bar-
riers for molecules reacting at defects on metal surfaces, such as steps. However,
first principles methods capable of computing these barriers to chemical accu-
racy have yet to be demonstrated. In this Chapter we show that state-resolved
molecular beam experiments combined with ab initio molecular dynamics using
specific reaction parameter density functional theory (SRP-DFT) can determine
the molecule-metal surface interaction with the required reliability. Crucially,
SRP-DFT exhibits transferability: the functional devised for methane reacting
on a flat (111) face of Pt (and Ni) also describes its reaction on stepped Pt(211)
with chemical accuracy. Our approach can help bridge the materials gap be-
tween fundamental surface science studies on regular surfaces and heterogeneous

catalysis in which defected surfaces are important.

4.1 Introduction

Heterogeneous catalysis plays a key role in the production of most chemicals,
and quantitatively accurate predictions of the rates and pathways of elementary
steps can guide catalyst design and optimization. With the theoretical toolbox
now available, it is possible to predict trends in transition-metal catalysis, and
identify which materials should constitute good catalysts for making particular
chemicals [1]. However, theory still struggles to compute reaction rates reliably,
with errors in the rate of ammonia production over Ru still being approximately
1-2 orders of magnitude [2].

Several factors complicate the calculation of rates of heterogeneously cat-
alyzed processes [3]. These processes typically consist of sequences of elementary
surface reactions, as illustrated by the Haber-Bosch production of NH3 in work
that contributed to G. Ertl winning the 2007 Nobel Prize in chemistry [4]. Typi-
cally, only one or a few reactions are “rate-controlling”, so one can focus on these

reactions [5]. However, the exponential dependence of reaction rate on activa-
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tion energy places severe demands on the accuracy of reaction barrier heights
calculated for the associated rate-controlling transition states [3, 6]. These bar-
rier heights cannot be measured directly, and are best determined through a
close comparison of molecular beam experiments and dynamics calculations re-
producing the reaction probabilities measured therein [7]. On the theory side,
first principles methods capable of computing the electronic energies of these
states with chemical accuracy (1 kcal/mol) have yet to be demonstrated, and
efforts to develop databases of reaction barriers for surface reactions are in their
infancy [7]: Presently chemically accurate barriers are available only for four

systems, in which a molecule reacts with a flat, low index metal surface [7-10].

While a semi-empirical density functional theory (DFT) approach [10, 11]
for computing barriers on flat surfaces has been demonstrated, it has long been
known [12] that catalyzed reactions proceed mainly over sites usually called “de-
fects”, such as kinks and steps [13-16]. Simulations of catalyzed reactions often
attempt to take this into account by computing the energies of the relevant states
for model “defected surfaces” using standard density functionals [6, 17, 18]. Here,
by defected surface we mean a surface containing line defects (such as steps or
edges) or point defects (such as kinks or corners), even though such a surface
might be a regular crystal surface definable through Miller indices. Unfortu-
nately, such simulations cannot yet be expected to capture the important effects
of point and extended surface defects and of multifaceted surfaces [3]. Further-
more, standard density functionals (i.e., the classes of non-empirical functionals
based on constraints and semi-empirical functionals fitted to a range of chemical
and/or material properties [3]) only yield semi-quantitative results for barrier

heights of surface reactions on metals [7].

Here, we test the accuracy of a joint theoretical-experimental approach (which
we call reaction barriometry) that uses results from a flat, low index metal surface
to obtain the minimum barrier for a molecule (CHD3) reacting on a stepped
Pt(211) surface. We apply a surface science approach to derive a semi-empirical
functional that accurately describes a reaction on a flat metal surface (CHDg

+ Pt(111)), and then rely on the transferability of that functional to describe
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the reaction on the defected surface (Pt(211), note that (211) surfaces of fcc
metals consist of 3-atom wide (111) terraces and (100) steps). For catalysis by
Pt-particles, the molecule-surface reaction we address is the rate-limiting step of
the steam-reforming process [19], which is widely used for industrial hydrogen
production. Microkinetic simulations of steam reforming on Ni (the commercial
catalyst) and Pt often use the (211) surface to simulate step site reactivity [6,
18]. Dissociation of methane on transition metal surfaces is also of fundamental
interest, as a benchmark system exhibiting several interesting dynamical features
[20—22], including selective bond breaking of partially deuterated methane [23].
This Chapter is organized as follows. The method used to perform and analyze
the calculations is reported in Section 4.2, the main results and their implications
for heterogeneous catalysis are then discussed in Section 4.3 and the conclusions

are summarized in Section 4.4.

4.2 Method

Our approach for determining barriers for molecules reacting at defected sur-
faces can be summarized in five steps (extensively discussed in Chapter 2 and
Refs. [10, 24]): (i) Perform conventional ( “laser-off”) molecular beam experiments
on the molecule (here: CHD3) reacting on a flat surface (here: Pt(111), top view
in Figure 4.1A) to determine the reaction probability as a function of average inci-
dent kinetic energy, (E;). In these experiments, the (E;), the nozzle temperature
T,, and the surface temperature T should be taken such that the applicability
of classical mechanics is ensured. Next, (ii) fit a candidate specific reaction pa-
rameter (SRP) functional to the measured reaction probabilities (Sgp) using ab
ingtio molecular dynamics (AIMD) calculations. Subsequently (iii) measure the
initial state-resolved reaction probabilities (here: for CHD3(v; = 1)), and (iv)
validate the candidate SRP functional by showing that AIMD calculations using
this functional also reproduce the initial state-resolved experiments. The new
finding presented here is that, in the final step (v), the SRP density functional

derived for the molecule interacting with the flat surface can be used to derive
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Figure 4.1: Views of the (111) and the (211) faces of fcc metals (like Ni and Pt), and
experimental Kings and Well trace. (A) Top view of the (111) face. (B and C) Side
and top views of the (211) face. (D) Kings and Wells trace of a measurement on CHD3
+ Pt(111) at (E;) = 82 kJ/mol.

the barrier height for the molecule reacting on the defected (stepped) surface,
as we will show here for CHD3 + Pt(211) (top and side views in Figures 4.1B
and 4.1C). The underlying assumption, which has been argued before [10, 11],
is this: if an SRP functional provides chemically accurate predictions of Sy for
measurements made near the energy threshold and for multiple combinations of
(E;) and vibrational excitation (laser-off or 4 = 1 reaction), it will also provide
a chemically accurate description of the height of the minimum barrier, and ac-
curately describe its geometry. All experiments and calculations reported here
were done for normal incidence. As the dissociation of methane on transition
metal surfaces like Ni(111) [25] and Pt(111) [26] typically follows normal energy
scaling, this samples the initial conditions which have the most significant effect
on the reactivity.

In modeling the reaction of methane with transition metal surfaces we com-

pute reaction probabilities with AIMD, which allows modeling of the effects of
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surface atom vibrations and Ty, as required [27]. The calculations use the ab ini-
tio total energy and AIMD program VASP [28, 29]. The SRP functional derived
previously [10] for CHD3 + Ni(111) is:

ESBP = 4  ERPBE 4 (1 - g). ERBF 4 pydW-DF, (4.1)

In Equation 4.1 (for detailed justification see Refs. [10, 24] and Chapter 2),
ERPBE and ELBE are the exchange parts of the RPBE [30] and PBE [31] func-

EédW‘DF is a correlation functional that provides an approximate

tionals, and
description of the attractive van der Waals interaction [32]. Adjusting the fit pa-
rameter z allows one to reproduce reactivity [10], while the use of well-constrained
exchange and correlation functionals ensures the functional’s robustness for other
system properties, e.g. crystal lattice structure. As before [10], molecular beam
reflectivity experiments [33] are used to determine CHDj sticking coefficients,
with typical data shown in Figure 4.1D. Laser preparation of the incident CHDj3
in a specific rovibrationally excited quantum state (vy =1, J =2, K = 1) yields

state-resolved reaction probabilities of CHD3(r; = 1). For further methodologi-
cal details, see Chapter 2 and the SI of Ref. [24].

4.3 Results and Discussion

4.3.1 Theory-Experiment Comparison

To enable us to make an important point regarding the transferability of our
approach, reaction probabilities computed and measured earlier for CHD3 +
Ni(111) are presented in Figure 4.2A.

For CHD3 + Ni(111), the value of  (0.32) was fitted with AIMD calculations
modeling laser-off experiments with (E;) = 112 and 121 kJ/mol (7;, = 600 and
650 K). Using that « value, AIMD calculations predicted Sy for CHD3(1q = 1)
with chemical accuracy, confirming the quality of the SRP functional (Figure
4.2A). For (E;) > 130 kJ/mol calculations slightly overestimated laser-off reac-

tivity. This was attributed to quasi-classical mechanics overestimating the reac-
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Figure 4.2: Comparison of theory with experiments for CHD3 + Ni(111), Pt(111), and
Pt(211): Reaction probabilities as a function of (E;). (A) Reaction probabilities calcu-
lated with AIMD and measured in molecular beam experiments for CHD3 + Ni(111).
Blue symbols and lines: experimental results and fits to experiment. Red symbols:
AIMD results. Circles are for laser-off conditions and triangles for »1 = 1 CHD3. Num-
bers show the distance of the computed reaction probability to the fitted experimental
curve along the incidence energy axis, in kJ/mol. Results reported in Panel A are re-
produced from Ref. [10]. (B and C) Same as Panel A, but results from this Chapter for
CHD3 + Pt(111) and Pt(211).
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tivity of excited CD vibrational states, which become increasingly populated at
higher T, (> 700 K). Under these conditions AIMD calculations overestimate the
fraction of CHD3 molecules dissociating via CD bond cleavage [10]. Here, new
experiments and AIMD calculations are performed for CHD3 + Pt(111). In the
fitting of x in Equation 4.1 we could take a shortcut as the value of x = 0.32 de-
rived for CHD3 + Ni(111) also provided excellent agreement between experiment
and theory for CHD3 + Pt(111) (Figure 4.2B). For laser-off reaction chemical ac-
curacy is obtained over the entire range of (E;): on average the distance between
the computed reaction probabilities and the fitted experimental curve along the
energy axis is less than 4.2 kJ/mol (= 1 kcal/mol). The minimum barrier height
to reaction, calculated with the surface frozen in its relaxed 0 K configuration,
on Pt(111) (Ep = 79 kJ/mol, Table 4.1) is considerably lower than on Ni(111)
(98 kJ/mol, Table 4.1). Therefore, laser-off experiments with (E;) < 120 kJ/mol
(T, < 650 K) sample the full reactivity range of interest on Pt(111), and the
complications associated with excited CD vibrational states at higher 7, seen
for Ni(111) are avoided. The AIMD results also show chemical accuracy for
CHD3(v; = 1) + Pt(111), a result that is not achieved using the PBE func-
tional [34] despite the transition state being similar to the SRP functional, as
shown in Table 4.1 and discussed in Chapter 6. We attribute the observation of
larger individual deviations to statistical fluctuations in the calculated reaction
probabilities, and we note that in two of the three cases, computed probabilities
are compared to an extrapolated (v; = 1) experimental curve. The comparison
of the AIMD results to the molecular beam data also meets a statistical accuracy

test (see Table S1 and the SI of Ref. [24]).

The good agreement observed here for CHD3 + Pt(111) using an SRP func-
tional developed for CHD3 + Ni(111) suggests that SRP functionals are transfer-
able among chemically related systems (here: systems in which the same molecule
reacts on the same low index surface of group 10 metals). We take this as ad-
ditional proof of the sound physical basis of the SRP-DFT approach. We now
proceed to CHD3 reacting on the stepped Pt(211) surface. Again, the agree-

ment between theory and experiment is excellent (Figure 4.2C). The theory using
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metal surface  Ep / [kJ/mol] r, /[ A] Zy | [A] bcwm/]o]

Ni(111) 97.9 (104.2)  1.61 (1.60) 2.18 (2.12) 136 (133)
Pt(111) 78.7 (77.8) 1.56 (1.50) 2.28 (2.25) 133 (134)
Pt(211) 53.9 (46.0) 1.53 (1.48) 2.27 (2.24) 133 (134)

Table 4.1: Computed barrier heights F;, the CH distance of the dissociating bond 7y,
the distance of the C atom to the surface Z;, and the angle the dissociating bond makes
with the surface normal (fcy) in the minimum barrier geometry for the SRP functional.
PBE results (from Ref. [35] for Ni(111), Ref. [36] for Pt(111), and from this work for
Pt(211)) are shown in brackets for comparison.

x = 0.32, describes the measured laser-off reactivity with chemical accuracy. Not
enough data were available to make a fit of the experimental data for v; = 1
reaction, but the theoretical reaction probabilities agree with the experimental
values within error bars. Again, the comparison of the AIMD results to the
molecular beam data also meets our statistical accuracy test (Table S1 in the SI
of Ref. [24]). Note that we were not able to compare experiment with AIMD
calculations at the lowest (E;) for which experimental results were available. For
this condition, large calculated trapping probabilities precluded an accurate com-
parison of the AIMD results with the experiments (see Figure 4.3). However, this
does not invalidate our comparison since the average trapping time on the sur-
face has been estimated using Frenkel’s formula [37] to be about 43 ps. In this
long trapping time the molecule has time to explore the surface and to react on
higher order defects (such as kinks) that might be present on the experimental
surface possibly reducing the difference between experiments and theory (more
details are reported in Chapter 5). Furthermore, at higher (E;) where the trap-
ping probability is negligible, the agreement with the experiments is excellent.
The Ej, value extracted for CHy + Pt(211) (54 kJ/mol, Table 4.1) is much lower
than for Pt(111) (79 kJ/mol).

The AIMD calculations also yield insights into reaction dynamics. Figure 4.4
shows that even vibrationally pre-excited CHDg3 reacts preferentially at the steps
(near the under-coordinated Pt atoms labeled “edge” in Figures 4.1B and 4.1C).

This prediction can be tested with reflection absorption infrared spectroscopy
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Figure 4.3: Experimental and AIMD results (blue and red, respectively) for CHD3 on
Pt(211). The AIMD results computed considering the trapped trajectories as reacted
(R+T) are reported in green. The distance from the AIMD results to the experimental
fit (in kJ/mol) is reported in red.

[38]. While approaching the surface at normal incidence, the reactive molecules
hardly change their projection on the surface (Figure 4.4). This result simplifies
high-dimensional quantum dynamics calculations, because the dimensionality can
be reduced using the “sudden” approximation to the molecule’s motion along
the surface. This amounts to averaging over calculations performed for fixed
projections of the molecule on the surface [39-41]. Finally, calculations on CHDg
+ Pt(111) using the reaction path Hamiltonian (RPH) method [39] reveal how
the molecular physisorption well affects reactivity. As discussed in the SI of
Ref. [24], according to RPH calculations the use of the SRP functional yields a
larger promoting effect on the reaction of pre-exciting the CH- and CD-stretch
vibrations than the use of the PBE functional (see Figure S2 and the SI of
Ref. [24]). Model calculations attribute this to the molecule’s acceleration in the
physisorption well, which leads to increased energy transfer from these vibrations

to motion along the reaction path (see Figure S3 in the SI of Ref. [24]).

Our results point to the following promising approach to simulating hetero-
geneously catalyzed processes where elementary dissociative chemisorption re-
actions are rate controlling. First, perform AIMD calculations and molecular

beam measurements of dissociative chemisorption on a low index face of the cat-
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Figure 4.4: Points of impact of CHD3(rv; = 1) molecules that react on Pt(211) for
(E;) = 69 kJ/mol, at time zero (green circles) and at the time of reaction (red circles),
and initial points of impact of the molecules that scatter (white circles). The blue circles
denote the top layer Pt atoms and the grey zone consists of the step edge atoms where
the molecules react predominantly. The top and side views of the minimum barrier
geometry, which is located on a step edge atom, are reported as insets.
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alyst metal to derive an SRP functional. Next, exploit the transferability of the
SRP functional demonstrated here (between Pt(111) and Pt(211)) to simulate
the overall reaction proceeding on multifaceted catalyst particles on which point
and extended surface defects are also present. The SRP functional is then used
to also compute barriers (or activation energies) at these defects, and at other
low index facets (the transferability of SRP functionals among low index faces
of metals was already demonstrated for Hy + Cu(111) and Cu(100) [8]). Such
an approach can help bridge the materials gap between surface science (which
deals with smooth surfaces) and catalysis (with reactions typically proceeding
over nanoparticles exhibiting defects) [42, 43]. The present research describes
a test-case of transferability in which a single o-bond is broken, for which the
transition state typically occurs over a surface atom, and surface defects promote
the reaction by decreasing the coordination of the surface atoms [44]. While the
transferability is here demonstrated for only one example, arguments based on
the dependence of the molecular adsorption energy on the co-ordination of the
metal atom adsorbed to, experiments, and transition-state scaling relations sug-
gest that the demonstrated transferability should hold more generally for o-bond

breaking (more details are reported in the next Section).

An additional structural requirement (high coordination of the transition state
[44]) needs to be met for defect sites at which double or triple m-bonds are broken.
Further investigations will therefore have to test whether the transferability found
here for o-bond breakage also holds when double and triple m-bonds are broken,
as we believe. This belief can be supported on the basis of transition-state scaling
relations also holding for the breaking of double and triple bonds (more details
are reported in the next Section). Future investigation might also test whether
our approach can be extended to deal with direct support effects on the catalysis
(i.e., other than the effect that the support may alter the size distribution and the
shape of the supported nanonparticles), and the presence of dopant atoms and
additives [3]. Finally, on the basis of accurate quantum Monte-Carlo calculations
on Hy + Cu(111) [45] we anticipate that it will soon be possible to fit accurate

SRP functionals to reliable QMC calculations on molecules reacting on surfaces.
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This will put SRP-DF'T on a first principles basis, and will yield a method that is

easier to apply than the combined experimental /theoretical approach presented.

4.3.2 Implications for Simulating Heterogeneous Catalysis

The transferability of SRP functionals shown here for dissociative chemisorp-
tion of a molecule on a low-index, flat surface to a stepped surface points to a
promising approach for accurately simulating rates of heterogeneously catalyzed
reactions over metal nanoparticles. In this approach, one would use the finding
that usually only a few states (transition states, or states describing adsorbed
reactants, adsorbed reaction intermediates, or adsorbed products) exhibit a large
degree of rate control [5]. Only for these states should it be necessary to deter-
mine the molecule-metal surface interaction energy accurately [5]. Of these states,
accurate calculations of the transition states should be most important, as molec-
ular adsorption energies are reasonably accessible through experiments using sin-
gle crystal adsorption calorimetry and thermal desorption spectroscopy [46, 47].
It should be possible to fit a semi-empirical functional with an expression simi-
lar to that of Equation 4.1 to a molecule or reaction intermediate adsorbed on
a low index metal surface either using existing experimental information, or in
a procedure involving a new adsorption experiment. We argue that the trans-
ferability observed in the present work for transition states then suggests that
the semi-empirical functional determined in this fashion should also accurately
predict adsorption at surface defects, such as steps, edges, kinks and corners.
Strong supporting evidence comes from recent work by Sautet and co-workers
which showed that adsorption energies of OH and OOH on Pt [48] and other
transition metal [49] surfaces depends linearly on the generalized coordination
number of the surface atom these species adsorb to, and the finding that, based
on these relations, theory is able to correctly predict that specific stepped Pt
surfaces are more active for oxygen reduction than the Pt(111) surface [50].
The reaction studied in the present work is an important representative of a
class of structure sensitive reactions in which the bond broken is a single o-type

bond (e.g., a CH or single CC bond) [44]. In the transition state of such reactions,
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the dissociating molecule usually sits on top of a surface atom [44] (a “top site” if
the reaction occurs on a low index surface). Usually, the reaction barrier is low-
ered over surface atoms of lower coordination number [44] (surrounded by fewer
nearest neighbour metal atoms), for instance over surface atoms at the top edge
of a step, as observed here for CHD3 + Pt(211). The implication of our present
work and earlier work on transferability among metal facets [8] is that one can
use an SRP functional developed for the reaction on a low index surface to accu-
rately compute barrier heights for the molecule’s dissociation over surface atoms
occurring in other low index facets and at surface line and point defects with
lower coordination numbers of surface atoms. The derived barrier heights can
then be used in kinetics simulations of the overall heterogeneously catalyzed reac-
tion as it occurs over a metal nanoparticle exhibiting specific facets, line defects,
and point defects. We argue that the rates calculated in this manner should be
more accurate than rates calculated on the basis of standard density functionals
(non-empirical functionals based on constraints, or conventional semi-empirical

functions fitted to a range of chemical properties and/or materials properties [3]).

The above argument that rates over defected surfaces computed from SRP
functionals accurately describe transition state energies on flat surfaces also has
a basis in the recent work of Sautet and co-workers, and the so-called transition
state scaling relationships. As noted above, it is already possible with standard
functionals to predict which Pt crystal surface (with atoms located at defects
possessing specific generalized coordination numbers) is most active for a specific
reaction (oxygen reduction [50]). The adsorption energies of involved reactant
molecules depend linearly on the generalized coordination number [48]. In turn,
transition state energies usually scale linearly with the adsorption energies of
reactants (the transition state scaling relationship) [1, 51]. The above suggests
that transition state energies should scale linearly with generalized coordination
numbers, and that if the off-set of the linear relationship is accurately determined
(by determining the transition state energy for the flat surface) it should be
possible to accurately determine the transition state energy for other generalized

coordination numbers (on stepped surfaces) accurately as well.
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Another class of structure-sensitive reactions, in which a double or triple n-
bond breaks in the molecule, may present a greater challenge to transferability.
Examples of such reactions are CO and Ny bond breaking, where an additional
requirement of the transition state (additional to presenting surface atoms with
lower coordination number) is that the reaction site is able to coordinate many
surface atoms to the dissociating molecule, to facilitate the breaking of a strong
double or triple bond [44]. A well-known example concerns ammonia production
over Ru particles, in which the rate limiting step is Ny bond breaking. Ngrskov
and co-workers have established that this reaction is accelerated by so-called
Bb5-sites, in which the dissociation molecule is co-ordinated by 5 surface atoms
[17]. Incidentally, such B5 sites are also present at the Pt(211) steps, and, more
generally, at surfaces where hcp(0001) terraces or fec(111) terraces are connected
by (100)-type steps (see Ref. [52] and Figure 1 therein). Our present results
show that on Pt(211) methane reacts at the step edge sites that are part of these
B5 sites. The additional requirement of providing a higher coordination to the
dissociating molecule might be perceived to present a greater challenge to the
transferability of SRP functionals. However, we emphasize that the difference
between the two broad classes of structure sensitive reactions is gradual. In the
case we have looked at, the SRP functional is able to accurately describe the effect
of changing the coordination number of the surface atom above which dissociation
occurs. In the case of double or triple bond breaking, the SRP functional should
additionally be able to describe the effect of the coordination to additional surface
atoms for transferability to hold. While the accuracy with which this can be done
has yet to be established, we argue that a similar approach to that taken here for
CHD3 + Pt(111) and Pt(211) and based on an SRP functional for the flat surface
should be better than simply taking a constraint-based or conventional semi-
empirical functional to obtain reaction barrier heights on facets and at surface
defect reaction sites. In this respect, it is encouraging that the transition scaling
relations accurately describe the relation between the transition state energies
of Ny, CO, and NO on fcc(211) surfaces and the adsorption energies of these

molecules at the upper terrace hep sites [53].
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Finally, the question might arise whether the approach we advocate would be
sensible if, for example, simple bond breaking of a reactant molecule dominates
the reaction at steps, while the breaking of this bond is preceded by reaction with
another reactant on the terraces. A practical example is the initiation of Fischer-
Tropsch synthesis over &~ 4.6 nm Co nanoparticles, which expose 15% under-
coordinated sites, which are mostly step edges of A- and B-type capable of direct
CO-dissociation [54]. For this example, Westrate et al. [54] concluded that one
can reasonably assume that direct CO dissociation at the undercoordinated sites
is the primary mechanism for the initiation of the Fischer-Tropsch reaction, even
though the reaction on the facets might proceed through a mechanism in which
CO is hydrogenated prior to CO bond breaking. Therefore, the development of
an SRP functional for dissociative chemisorption of the CO molecule on a terrace
and its application to the reaction of the same molecule at steps might help to
accurately describe an overall catalyzed reaction if this reaction is dominated
by the steps, even though the rate limiting step, and indeed the mechanism of
the catalyzed reaction, could be different on the flat surfaces making up the
facets. Here, by the overall catalyzed process we mean the initiation of a Fischer-
Tropsch synthesis reaction, and not necessarily the complete Fischer-Tropsch
reaction making higher hydrocarbons. Note that one can determine whether line
defects (such as steps) or point defects (such as kinks) dominate the rate of a
catalyzed process over catalyst particles by determining the degree of structure
reactivity parameter «;, which describes the dependence of the rate on the catalyst
particle diameter d [55]. For example, o« = 1 describes a process where the rate
is dominated by line defects, and this value was found to accurately describe the

rate of steam reforming over supported Pt nanoparticles [19].

The above finding of @ = 1 for steam reforming over Pt nanoparticles is
only one reason that steam reforming over Pt nanoparticles should constitute
an ideal test case for our SRP density functional for methane interacting with
Pt particles. Wei and Iglesia also found that steam reforming rates over Pt
particles were exclusively limited by the first CH bond cleavage [19]. Additionally,

they found that steam reforming over supported Pt nanoparticles proceeds over
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essentially uncovered catalyst particles, and that support effects are indirect (they
are described fully by how the support affects the shape of the catalyst particles).

Our approach is useful for getting accurate transition states for elementary
dissociation reactions of molecules that are stable in the gas-phase, and therefore
useful for simulating heterogeneous catalysis if such reactions play an important
role in the mechanism of the catalyzed reaction. Examples of such reactions are
dissociative chemisorption of methane in steam reforming [18, 19], of water in the
water gas shift reaction [56], of Ny in ammonia production [17, 57], and of CO in
many realizations of the Fischer-Tropsch process [58]. It is less useful if the rate
limiting step is, for instance, the hydrogenation of an already adsorbed reaction
intermediate, as is the case for the overall Fischer-Tropsch synthesis reaction
over supported Fe nanoparticles [59]. Catalyzed reactions with complex reaction
mechanisms (such as hydrogenation of olefins on supported Pd catalysts involving
sub-surface hydrogen [60]) certainly exist for which the present approach will be of
little help. Nevertheless, our new approach is likely to provide valuable input for
catalyzed reactions in which the overall rate is dominated by simple dissociation

reactions of stable molecules.

4.4 Summary and Conclusions

We have demonstrated a joint theoretical-experimental approach (which we call
reaction barriometry) that uses results from a reaction on a flat, low index metal
surface to obtain a chemically accurate barrier for the same reaction on a stepped
surface of the metal. We have applied a surface science approach to derive a
semi-empirical functional that accurately describes the dissociation of CHD3 on
Pt(111), and then have shown the transferability of this functional to describe its
dissociation on the stepped Pt(211) surface. Our approach can help bridge the
materials gap between fundamental surface science studies on regular surfaces
and real-life heterogeneous catalysis where reactions often proceed over defected

metal nanoparticles.
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Abstract

The simulation of the dissociation of molecules on metal surfaces is a corner-
stone for the understanding of heterogeneously catalyzed processes. However,
due to high computational demand, the accurate dynamical simulation of the
dissociative chemisorption of polyatomic molecules has been limited mostly to
flat low-index metal surfaces. The study of surfaces that feature “defected” sites,
such as steps, is crucial to improve the understanding of the overall catalytic
process due to the high reactivity of under-coordinated sites for this kind of

reaction. In this work we have extensively analyzed more than 10000 AIMD tra-
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jectories where a CHD3 molecule is impinging either on the flat Pt(111) or on
the stepped Pt(211) surface for different initial rovibrational states and collision
energies. The results have been compared in order to get insights into the effect
of the step on the dissociation of methane. We have found that, despite a large
difference in the activation barrier and consequently in reactivity, the geometry
of the lowest transition states is very similar on the two surfaces and this results
in a similar dissociation dynamics. Furthermore, the trapping observed on the
Pt(211) surface can be explained with energy transfer to parallel translational
motion induced by the geometry of the slab and by a larger energy transfer to

phonons for the stepped Pt(211) surface.

5.1 Introduction

The dissociative chemisorption of methane on a transition metal surface has been
employed, both theoretically [1-10] and experimentally [11-14], as a model sys-
tem to understand one of the most important steps in steam reforming [15], a
fundamental industrial process which is currently one of the most common ways
to produce molecular hydrogen. The CH bond cleavage on a Ni or Pt based cat-
alyst is believed to be one of the rate determining steps [15] of the overall process
in the high temperature regime. Due to the large complexity of molecule-surface
reactions and to the necessity of treating accurately both the molecule and the
metal slab, these systems have always been challenging for appropriate dynamical
simulations [16-21]. The large number of degrees of freedom (DOFs) makes den-
sity functional theory (DFT) at the generalized gradient approximation (GGA) or
meta-GGA level the go-to method for these systems and excludes any higher level
of theory, at least for dynamical simulations [22]. Unfortunately, standard GGA
and meta-GGA functionals are known for their poor accuracy in the calculation
of activation barriers (E}) [22] for molecule-surface systems; this has encouraged,
in the last few decades, the pursuit of semi-empirical functionals [3, 5, 23-25] able
to compute activation barriers with errors as small as 1 kcal/mol (= 4.2 kJ/mol),

so-called chemical accuracy.
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One of the viable semi-empirical methods to develop an accurate density func-
tional is a variation of the specific reaction parameter (SRP) approach originally
proposed by Truhlar and coworkers [26]. In our implementation for molecules on
metals this approach consists of mixing two GGA functionals through a mixing
parameter so that the SRP functional is able to reproduce the experimental zero-
coverage reaction probability (Sp) with chemical accuracy. This has been applied
successfully to different catalytically relevant systems where a molecule dissoci-
ates on a low-index flat metal surface [3, 5, 23-25]. Recently, chemical accuracy
has been achieved for CHD3 on Ni(111) [5] using the SRP32-vdW functional
obtained by mixing the RPBE [27] and the PBE [28, 29] exchange functionals
(BERPBE and EXPE | respectively) with a mixing parameter = 0.32 and us-
ing the correlation functional developed by Dion et al. [30, 31] (EZW-PF) that
also models van der Waal interactions. The exchange correlation part of the

SRP32-vdW functional (ESEF32VIW) reads as:

ESRES2vAW — 39 pRPBE 4 (1 - 0.32) - EXPE  pydW-DF, (5.1)

The SRP32-vdW functional has been successfully transferred from CHD3 dis-
sociation on Ni(111) to Pt(111) and, more importantly, it was able to achieve
chemical accuracy also on the stepped Pt(211) surface, as shown in Chapter 4
and in Ref. [3]. The transferability of the SRP functional from the flat Pt(111)
to the stepped Pt(211) surface suggests that an SRP functional developed for
a relatively simple system, such as the flat (111) surface, can be used to ob-
tain accurate reaction barriers on different defected sites of the same metal (see
Chapter 4, Ref. [3] and references therein). The study of a stepped transition
metal surface such as Pt(211) is highly relevant for heterogeneous catalysis since
it is known that under-coordinated sites usually show enhanced reactivity for
processes like the dissociative chemisorption of methane [32-36]. Moreover the
dissociation of methane on Pt(211) has been previously used to model the overall

catalytic process through microkinetic simulations [1, 2].

In this Chapter we report the analysis of 12500 ab initio molecular dynamics
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(AIMD) trajectories of CHD3 impinging on Pt(111) and Pt(211) in order to
study and compare the dynamical features of the dissociation on the two surfaces,
focusing on the differences introduced by the presence of the step. The Chapter
is organized as follows: the method used to setup, propagate and analyze the
trajectories is reported in Section 5.2, the results are presented and discussed in

Section 5.3 and the main conclusions are summarized in Section 5.4.

5.2 Method

Most of the results discussed in this Chapter have been obtained by analyzing
AIMD trajectories of CHD3 impinging on the Pt(111) and on the Pt(211) sur-
faces. These simulations have been used to compute the zero-coverage reaction
probability (Sg) which has been compared to molecular beam experiments to
define and test the SRP32-vdW functional for said systems [3]. The computa-
tional details have been recently published [3] and therefore, they will only be
summarized in this Section.

The electronic structure calculations have been performed on a DFT level
using the Vienna ab initio simulation package (VASP) [37-40] version 5.3.5. The
first Brillouin zone has been sampled with a 4x4x1 I'-centered K-point grid and
the basis set includes plane waves with kinetic energy up to 350 eV. The core
electrons have been represented through projector augmented-wave (PAW) pseu-
dopotentials [41, 42]. The Pt(111) surface has been represented using a 5 layer
(3x3) supercell slab, consistent with previous work [3, 6]. The stepped Pt(211)
surface has been modelled using a 4 layer (1x3) supercell. For both surfaces, the
slab is separated from its first periodic replica by 13 A of vacuum. A 0.1 eV
Fermi smearing has been used to facilitate the SCF convergence. The setup used
for these calculations has been extensively tested and the results of the tests are
available in the Supporting Information of Ref. [3].

The AIMD trajectories have been setup in order to reproduce the molecular
beam experiments performed by Beck and co-workers [3] including the surface

temperature (Ts) of 500 K and 650 K for Pt(111) and Pt(211) respectively, and



133

modelling the initial kinetic energy and rovibrational population of the methane
molecules. Note that, even though the simulations have been performed at differ-
ent temperatures for the two surfaces, previous work suggests that the tempera-
ture dependence of the reactivity on Pt is small [6, 43]. Quasi-classical trajectories
(i.e., classical trajectories where the vibrational zero-point energy is imparted to
the molecule) have been propagated with a 0.4 fs time-step until dissociation or
scattering was observed. A molecule has been considered reacted if a bond was
stretched over 3.0 A and it has been considered scattered if, after the impact,
it reached a certain distance above the surface (i.e., 6.0 A or 6.5 A for Pt(111)
and Pt(211), respectively) while the center of mass (COM) velocity was pointing
away from the surface. For the reactive trajectories the time of the dissociation
(taiss) has been defined as the first time step at which the dissociating bond is
as elongated as in the minimum energy transition state £0.04 A. In this work
the molecules that did not reach an outcome within the first 2 ps of propagation

have been considered trapped.

The transition state (TS) geometries presented have been computed using
the dimer method included in the VASP transition state tools package (VTST)
[44-47]. Frequency analysis calculations have been performed to confirm that all
the TSs reported in this work are true 1% order saddle points (i.e., one and only
one imaginary frequency is present) except where stated differently. The analysis
has been carried out on 7000 trajectories for Pt(111) and on 5500 trajectories
for Pt(211) for an initial average incident energy ((E;)) ranging between 60.7
and 120.1 kJ/mol for Pt(111) and between 58.2 and 107.9 kJ/mol for Pt(211).
Several dynamics-relevant features have been investigated and the results have
been binned and smeared using a sum of Gaussian curves such that, for a sample

of N data, the final distribution F () of the observable « is represented as:

Nbins Ndata . . . . .
1 (bing + i - binsize — data(3))?
Flo) = E g —exp| — , (5.2)
- ~ V 2mo?, 20¢,

where the indices ¢ and j run over the bins and the data respectively, bing is

the first value of a considered for the binning procedure and o¢ is the standard
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deviation of the Gaussian used (i.e., the broadening). The final distribution is
the sum of Gaussians centered on the data values for each element of the dataset.
Since we are comparing datasets of different sizes the area of the final distributions
is always normalized to 1. In this Chapter the distributions reported in the same
plot always have the same broadening and all the distribution parameters are
reported in the Supplementary Material (SM) of Ref. [48].

Using a broadening can improve the quality and the readability of the results
but can cause small tails at the edge of the distribution that might assume un-
physical values. However this does not affect the interpretation of the results. In
order to calculate the distributions all the available trajectories have been used.
This means that the distribution takes into account results for different CHDj3
vibrational states and average collision energies (see Ref. [3]) unless explicitly
stated. For some of the observables «, the average value is reported together

with the standard deviation o and standard error oj;:

_ | Zi (e = (@))?
o= \/ N1 , (5.3)

o
oM = ——.
M N

Here, N is the sample size and («) is the sample average.

5.3 Results and Discussion

Platinum is an fec metal and its (111) surface shows the well-known hexagonal
lattice structure. The Pt(211) surface is composed of 3 atom wide (111)-like
terraces and (100)-like steps. In order to analyze the dynamics on the Pt(211)
surface three non-equivalent sites have been defined: edge (on the step edge),
middle (the row of atoms in the middle of the terrace) and bottom (the row of
atoms on the low end of the step). Moreover some of the analysis is referenced to
facets instead of sites considering the step (i.e., the (100) facet) and the terrace

(i.e., the (111) facet). The side and top views of the surfaces are shown in Figure
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Figure 5.1: (A) top view of the Pt(111) surface. (B) top view of the first layer of the
Pt(211) surface. (C) side view of the Pt(211) surface. For both the surfaces, the atoms
are reported in their equilibrium position. The unit cell is marked in black and different
layers are reported in different colors. For the Pt(211) surface, the three rows of atoms
in the unit cell are called edge, middle, and bottom according to their position: edge is
on top of the step edge, middle is in the middle of the terrace, and bottom is on the low
side of the step. The (100) step is shaded in green while the remainder of the surface is
the (111) terrace.

5.1 where the atoms are reported in their equilibrium positions and the step
facet is highlighted in green for the Pt(211) surface. The impact (reaction) site
is defined as the nearest site (i.e., bottom, middle or edge) in the xy plane at the
closest approach (reaction) time. Molecules that hit the surface or dissociate at an
x coordinate between the edge and the bottom site (green shaded area in Figure
5.1) are considered step facet events. It has been shown in previous work [3]
and in Chapter 4 that the reactivity on the stepped surface happens almost
completely through the dissociation on top of the step edge atom. Therefore the
analysis of reacted trajectories has been carried out by looking at the different
behavior of molecules impacting on the different surface sites (i.e., edge, middle
and bottom atoms). For non-reactive trajectories the differences in the dynamics
upon impacting on the (111)-like terrace facet or on the (100)-like step facet have

also been considered.

On the Pt(211) surface trapping has been observed and the average trapping
time has been estimated to be about 40 ps [3] (i.e., 43 ps), which is too short to be

detected experimentally and too long to be simulated with an expensive method



136 Chapter 5 — Methane on a Stepped Surface

like AIMD. For the previously published work [3], reported also in Chapter 4, the
trapped trajectories have been propagated for 1 ps (or 2 ps in a few test cases).
To ensure a fair analysis, in this work all the trapped trajectories have been
propagated up to 2 ps. Out of the 69 trajectories that were considered trapped
after 1 ps, 35 were scattered upon further propagation. However this does not
necessarily affect the main conclusions of earlier work since a large number of
trapped trajectories are still present even after 2 ps of propagation, especially at
low incidence energy. This also suggests that, in order to be considered trapped
(i.e., characterized by some average trapping time), the molecules need some time
to equilibrate with the surface.

To understand the dynamics of the CHDj3 on the different surfaces, the num-
ber of bounces has been counted for all the trajectories, where a bounce is defined
as two sign-changes of the COM velocity along the direction perpendicular to the
macroscopic surface. As observed for other metal surfaces, the CHD3 dissocia-
tive chemisorption is usually a “sudden” process: on both platinum surfaces the
molecules react on the first impact and without bouncing. This is also true for
almost all the scattered trajectories on Pt(111) (only 5 out of more than 6500
perform one and only one bounce) and for most of the scattered trajectories on
Pt(211). On Pt(211) we observe a few trajectories bouncing either one or two
times before scattering. The trapped trajectories bounce between one and four

times during the propagation (see Figure 5.2).

5.3.1 Transition States

Several transition states have been located on the stepped Pt(211) surface by
performing calculations using the dimer method [44-47]. All the TSs presented
are real 1%¢ order saddle points as confirmed by a normal mode analysis unless
stated differently. The energy (i.e. the barrier height, E} ), the length of the
dissociating CH bond (r5) and the 6, 8 and v angles have been determined. 6
is the angle between the dissociating bond and the surface normal (i.e., z) and
B is the angle between the umbrella axis (@) and the surface normal, where @

is defined as the vector going from the geometric center of the (non-reacting)
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Figure 5.2: Number of bounces for the molecules impinging on the Pt(211) surface. (A)
fraction of scattered and reacted trajectories in red and blue, respectively. The inset in
panel A is a magnification for the few trajectories that bounce before scattering. (B)
results for the trapped trajectories on Pt(211).

umbrella hydrogens to the carbon atom (Figure 5.3). v is the angle between the
dissociating CH bond and the @ axis. The « angle describes the internal geometry
of the TS, while 8 and 6 describe the geometry of the molecule with respect to
the macroscopic surface normal. All the results, and the minimum energy TS for
the flat Pt(111) surface, are reported in Table 5.1 including all the TS geometries
(also represented in Figure 5.4) and the studied angles (also shown in Figure
5.3). The angle a (sketched in Figure 5.3 and reported in Table 5.1) describes
the orientation of the dissociating bond in the zy plane for the Pt(211) surface
and it will be discussed later in this Chapter.

For Pt(211), four TSs have been found on top of a step edge atom, with a
different orientation of the dissociating CH bond. These have been labeled ac-
cording to the positions of the carbon and of the dissociating hydrogen:
Edge2Edge-Bridge (Edge2Edge-B) dissociating parallel to the step edge (Fig-
ure 5.4B), Edge2Middle-Hollow (Edge2Mid-H) dissociating on a hollow site to-
ward the middle row of the terrace (Figures 5.4C and 5.4D), and Edge2Bottom-
Bridge (Edge2Bot-B) dissociating toward a bridge site on the (100) step site
(Figure 5.4E). Note that the two TSs depicted in Figures 5.4C and 5.4D are
related by a hindered rotation about the umbrella axis. Three T'Ss have been

found on the middle terrace atom dissociating toward different bridge sites, and
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Figure 5.3: Sketch of the angles studied: 6 (green shade) is the angle between the CH
bond (green line) and the z axis, 8 (red) is the angle between the umbrella axis @ (red
line) and the z axis (i.e., the macroscopic surface normal), and v (blue) is the angle
between the CH bond and the umbrella axis @ . The angle « (orange) represents the
orientation of the dissociating bond in the xy plane.
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Figure 5.4: Depiction of the transition state geometries found in side and top views.
TS A is the one found for Pt(111) and reported in Chapter 4 and Ref. [3]. TSs B to H
have been found on Pt(211) and are also labeled with the names reported in Table 5.1.
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Surface L Name (% 153 ¥ a Ty Ey
[o] [o] [o] [o] [A] [KJ/mol]

Pt(111) A 133.4 168.3 34.8 1.55 78.6
Pt(211) B  Edge2Edge-B1 1329 166.0 33.1 85.0 1.53 53.9
Pt(211) C  Edge2Mid-H2 1156 145.6 30.0 181.3 1.60 57.1
Pt(211) D  Edge2Mid-H1  113.7 1459 32.2 1794 1.62 57.7 *
Pt(211) E  Edge2Bot-B1 1229 156.8 33.9 0.5 1.65 65.1 *
Pt(211) F  Mid2Bot-B1  145.8 171.8 35.0 226.3 1.55 97.9
Pt(211) G Mid2Mid-B1 130.2 158.5 349 T72.1 1.57 98.0
Pt(211) H  Mid2Edge-B1  119.0 151.7 334 25.3 1.56 96.4

Table 5.1: Comparison of the TSs found on the two platinum surfaces. For each, the
following properties are reported: the surface on which it has been found, the label
(L) as in Figure 5.4, the name of the TS, the 6, 8, v and « angles, the length of the
dissociating bond (1) in A, and the energy barrier (Ej) in kJ/mol. Note that if the
energy barrier is followed by a star ( * ), the TS reported still has a second imaginary
frequency (i.e., it is not a real 1°* order saddle-point).

they have been labeled as Middle2Bottom-Bridge (Mid2Bot-B), Middle2Middle-
Bridge (Mid2Mid-B), and Middle2Edge-Bridge (Mid2Edge-B) according to which
site they are dissociating toward (Figures 5.4F-5.4H, respectively). The numbers,
either 1 or 2, at the end of a T'S name identify the eclipsed or the staggered ori-
entation of the umbrella relative to the dissociating CH bond, respectively. Note
that the T'Ss depicted in Figures 5.4D and 5.4E still have a second small imagi-

nary frequency (i.e., they are not real 1% order saddle points; see Table 5.1).

There is a clear difference in the Ej between dissociation on the step edge
atom and on the terrace middle atom (i.e., &~ 39 kJ/mol on average), regardless
of the molecular orientation: the T'Ss centered on the step edge atom have very
similar energies and the same is true for the TSs centered on the terrace middle
atom. The step edge site is more reactive than the flat Pt(111) surface, while
terrace middle sites show barriers even larger than on the ideal flat surface (78.6
kJ/mol, Table 5.1). Despite this large range of Ej, , the TSs are geometrically
similar: all of them have a dissociating bond length between 1.53 and 1.65 A and

an angle v between the dissociating bond and @ between 30° and 35°. As expected
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B and 6 show more variability because they depend on the molecular geometry
as well as on the surface orientation with respect to the reference frame (z axis).
B and 0 can be compared for the TS on Pt(111) and the lowest energy TS on
Pt(211) (i.e., Edge2Edge-B1) and both angles have the same values within less
than 2.5°.

5.3.2 Energy Transfer to Parallel Motion

In Figure 5.5, the COM lateral displacement (6consr) has been reported for all
the trajectories, where dcoas has been computed as the difference between the
COM zy position at the initial and at the reaction step (for dissociative events)
or at the step of 1% closest approach (for scattered and trapped trajectories).
For the flat surface, the reactive events happen in a “sudden” fashion where the
molecule does not change its position in the xy plane significantly, as they show
(6conr) smaller than 0.09 A (Figure 5.5A). The same is true for the molecules
reacting on the step edge of Pt(211) (Figure 5.5B).

Scattered and trapped molecules on Pt(211) show a significantly larger (6conr)
that can go up to 0.25 A for molecules trapped after impacting on the step facet
(all the data are reported in the SM of Ref. [48]). This is due to the fact that,
even though all molecules start with a COM velocity aligned with the z axis, the
topology of the surface can induce energy transfer from the translational motion
in the z direction to the motion along the surface (energy transfer to parallel
motion). In order to study this phenomenon, the distance travelled in the xy

plane has been computed (for each individual trajectory) as:

T
Aoy = Z Vi —x 1) + (g —yi1)?, (5.5)

T
a =z, — Z Qp — O 1 (56)

Here, d, is the distance travelled in the zy plane, d, is the distance travelled

in the « direction (i.e., @ = z,y), and ¢ is the time step. T is the total number
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Figure 5.5: (A) dcom computed for the reactive (blue) and scattered (green) trajec-
tories on Pt(111). (B) dcom computed for the reactive (blue) and scattered (green)
trajectories on Pt(211), the solid lines describe step edge atom reaction and step facet
scattering, the dotted line describes bottom and middle atom reactions, and the dashed
line describes terrace facet scattering. (C) dcoam computed on Pt(211) for all the
trapped trajectories (blue) and for the trapped trajectories impacting first on the step
(green) or on a terrace (red).

of time steps. Note that dy, and d, are dependent on the time step (0.4 fs) and
on the total propagation time (i.e., the number of time steps T'). On Pt(211), =
and y are perpendicular and parallel to the step edge, respectively. If we consider
dzy, reported in Figure 5.6, it is noticeable how the molecules scattered from the
step can travel significantly further than the ones scattered from the flat surface
(Figures 5.6A and 5.6B). On average, we observe (d,,) = 0.8 A on Pt(111) and
(dyy) = 2.8 A on Pt(211), but on the stepped surface, scattered molecules have
been observed to travel up to 30 A.

If we look at the trajectories trapped on the Pt(211) surface (Figure 5.6C),
we can see that the molecules can travel considerable distances in our simulations

(i.e., up to almost 50 A) especially in the direction perpendicular to the step edge
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(i-e., along x). Note that for these trajectories the propagation has been stopped
after 2 ps and the longer we would propagate them the further they would travel.
This is due to the large velocity the trapped molecules have in the xy plane. The
distribution of the average velocity in zy upon trapping ({vg, )" ?) is reported in

Figure 5.6D. (v4,)'"*" has been computed as:

trap 2 2
N Uae) T V)

trap __
<Uzy> - Z Ntrap ) (57)

t=1

(Vgy)'"P is averaged over the total of NP time steps. Here ¢ ranges from
the first impact with the surface to the last step of the propagation (i.e., when
the molecule is considered trapped). The velocity distribution is centered on
(V)P = 0.014 A /fs which means that during the estimated trapping time of
43 ps, those molecules can travel, on average, as far as 593 A and this goes up
to 642 A if we consider only the molecules trapped after impinging on the step.
This suggests that the trapped molecules have enough time to explore a large
portion of the surface, increasing their chance of finding a favorable orientation
to react or even a higher order defect with a lower dissociation barrier, such as

kinks.

The importance of the energy transfer from motion normal to the surface
to motion parallel to the surface can be quantified by calculating the amount
of kinetic energy that molecules have in the zy plane after the impact with the
surface (Ky). To ensure a fair comparison, K, has been calculated at the end
of the trajectory for scattered molecules and at the first outer turning point for
trapped molecules. In Figure 5.7, K, is reported for scattered and trapped
molecules on Pt(211) distinguishing between molecules which impact on the step
facet and on the terrace facet. As expected, both trapped and scattered molecules
show large values of K. Moreover, the step site is more efficient than the terrace
in promoting energy transfer to the parallel motion, probably because it makes

a larger angle with the normal to the macroscopic surface.

In Figure 5.8, K, is reported as a function of the initial average collision en-
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Figure 5.6: (A, B) distributions of the distance travelled by the molecules in the zy
plane (dyy) for reactive and scattered trajectories on the Pt(111) and Pt(211) surfaces,
respectively. In panels A and B, the blue solid lines represent reactive trajectories
(the distributions have been multiplied by 0.2 for a better comparison) and the green
lines represent scattered trajectories without bouncing (b = 0, dashed green) and with
bouncing (b > 0, solid green) on the surface. (C) distance travelled (d) by the molecules
trapped on the Pt(211) surface. The distance travelled in the z direction, in the y
direction, and the total distance travelled in the xy plane are reported in green, blue,
and red, respectively. (D) distribution of average COM velocity in the zy plane for the
trapped trajectories (vg,)"*" for molecules that have the first impact on the terrace
(green solid line), on the step (blue solid line), and for all the trapped molecules (red
dashed line).
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Figure 5.7: (A) distribution of kinetic energy in the zy plane (Kg,) after the impact
with the Pt(211) surface for scattered molecules. (B) same of panel A but for trapped
molecules. Results for molecules that impacted on the step and on the terrace are
reported in blue and green, respectively.
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Figure 5.8: Average kinetic energy in the zy plane (K5y) as a function of the average
initial kinetic energy ((E;)) after the impact with the Pt(211) surface. Results for
scattered molecules are reported as squares and solid lines and results for trapped
molecules as circles and dashed lines. Green data represent molecules impacting on
the step and blue data represent molecules impacting on the terrace. Two points are
reported without error bars because the sample size for those data sets is 1. The lines
are drawn to guide the eye.

ergy of the molecules ((E;)). The energy transfer to parallel translational motion
increases with (E;) and confirms that the step induces more energy transfer to
the parallel motion than the terrace. The values of (K,,) for the trapped trajec-
tories show large error bars due to the small sample size, but the results suggest
that the trapped molecules show a larger energy transfer to the parallel motion
than the scattered ones at low (E;) (Figure 5.8). In turn, this suggests that,
especially at low (E;), energy transfer to parallel motion at the step contributes

to the trapping.

Out of a total of 34 trapped trajectories, 25 of them impacted on the step
while only 9 on the terrace. If we weight these results according to the step:terrace

area ratio (i.e., 1:1.8), we find that the trapping probability is 5 times larger if
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z/[A]

Figure 5.9: xz projection of the first part of the trapped trajectories. The first layer
atoms 0 K positions are reported as gray circles and the step is highlighted in green.
The trajectories are reported in blue if the first impact is on the step and in red if it is
on the terrace.

the molecule impacts on the step than on the terrace. The xz projection of the
first part of the trapped trajectories is reported in Figure 5.9. In Figure 5.10
the distribution of the average velocity in z for the trapped molecules ({v, )" )
is reported. Again, these results suggest that one of the main reasons for the
trapping we observe on Pt(211) is the geometry of the surface: the molecules that
hit the step start travelling in the positive = direction. Most of the molecules

impacting on the terrace travel in the negative x direction.
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Figure 5.10: Distribution of the average velocity along = during trapping (v,)"*? for
all the trapped molecules (red line), the trapped molecules that have the first impact
on the step (blue line), and the ones that have the first impact on the terrace (green
line).

5.3.3 Energy Transfer to Surface Phonons

The energy transfer from the molecules to the surface phonons (Er) is reported
in Figure 5.11. All the scattered molecules transfer roughly the same amount
of energy to the phonons independently from the Pt surface on which they im-
pact; on average, molecules that hit the Pt(111) and the Pt(211) surface show
(Er) =15.5£0.2 and 13.9 + 0.2 kJ/mol, respectively. Note that Pt(111) shows
a somewhat larger (E7), but the AIMD trajectories have been performed over
a larger range of (E;). This can be seen in Figure 5.11B where Er is reported
as a function of the incident energy: the linear regression for the two sets of
data shows the same slope (i.e., 0.165) and very similar intercepts (i.e., 0.914
kJ/mol and 1.400 kJ/mol for Pt(111) and Pt(211), respectively). Note that the
difference of 0.486 kJ/mol in the intercept is smaller than the average error for
both surfaces (i.e., 0.527 kJ/mol and 0.514 kJ/mol for Pt(111) and Pt(211),
respectively). The small number of trapped trajectories reduces the statistical

significance of their analysis. However the results suggest that, especially at
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low (E;), some trajectories can undergo a larger energy transfer to the surface
phonons (i.e., (E7) = 23.24+ 1.9 kJ/mol) which would increase the probability of
being trapped. This suggests that energy transfer to the phonons contributes to
the trapping on Pt(211).

The Ep has been calculated approximately from the molecular kinetic (K)
and potential (V) energy. The initial configuration (7) is always the first step
of the dynamics. For the scattered molecule, the final configuration (f) is taken
from the last step of the dynamics, while for the trapped molecule, we considered
the Er upon first impact with the surface, and therefore, the final configuration
is taken from the first outer turning point configuration. This means that, in the
initial and in the final configurations, the molecules might not be at the same
distance from the slab. Therefore the energy transfer has been estimated using
Equation 5.8, which includes a correction for the interaction energy (I). I has
been computed using Equation 5.9 and subtracting the absolute energy of the
isolated CHD3 and of the bare slab from the energy of the system containing

both the molecule and the metal surface:
Er = —[(K;+ Vs +1I5) = (Ki + Vi + )], (5.8)

I = Vgap+cups — Vsiab — VeuDSs- (5.9)
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Figure 5.11: (A) energy transfer to the surface (E7). Results are reported for scattered
molecules on the flat Pt(111) (green line), on the stepped Pt(211) (blue line), and for
trapped molecules (after the first impact on the Pt(211)) (red line). (B) average energy
transfer to the surface versus average incident energy ((E;)). Results are reported for
scattered molecules on the flat Pt(111) (green), on the stepped Pt(211) (blue), and for
trapped molecules (after the first impact on the Pt(211)) (red). The lines are linear
regressions of the data. Note that error bars are not shown for samples containing only
one trapped trajectory.
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5.3.4 Reaction Site and Dissociation Geometry

On Pt(211), the vast majority of the reactive events happen on the step edge.
The reaction site has been studied by measuring the distance in the xy plane
from the center of mass of the molecule to the closest atom in the first layer
and reporting the distributions for all the trajectories simulated. The results are
reported in Figure 5.12A for Pt(111) and in Figure 5.12B for Pt(211) for the
reacted molecules at ¢ = 0 and at the time of the dissociation (¢ = t4;55). For
both surfaces, the reaction happens preferentially close to top sites (i.e., atoms in
the first layer), but for the stepped surface, a considerable number of molecules

dissociate further than 1 A away from the closest Pt atom.

The effect of the orientation of the molecules on the reaction has been ana-
lyzed by monitoring the 3 (Figure 5.13), the 6 (Figure 5.14), and the v (Figure
5.15) angles throughout the dynamics and investigating their dependence on (F;)
(Figure 5.16). These three angles describe the orientation of the umbrella axis
(8) and of the dissociating bond (@) with respect to the surface normal and the
angle between the dissociating bond and the umbrella axis (y) (see Figure 5.3).
The angles have been computed at the start of the trajectories (¢ = 0) and at
the time of the dissociation (¢t = t4;ss) for the reactive trajectories. For both 6
and (3, the initial distribution considering all the molecules simulated is a sine

distribution proving the accurate random sampling of the initial conditions.

Comparing the Pt(111) results to the Pt(211) results, one can see that the
dissociation dynamics on the two surfaces are qualitatively very similar: the
two known key aspects of the dissociation of CHD3 on Pt and Ni are the pre-
orientation of the dissociating bond [4, 5] and the umbrella reorientation [4]. The
distributions of # reported in Figure 5.14 show that only bonds initially pointing
toward the surface (i.e., close to the TS value of § ~ 133°) can dissociate and
that the angular acceptance range for the dissociation on the Pt(211) surface is
broader as the final § distributions are less localized and exhibit larger o values

(see Figure 5.14 and Table 5.2).

The results for 3 (see Figure 5.13) confirm the important role of the umbrella
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Figure 5.12: Distance from the closest top site in zy. (A, B) results for the Pt(111)
surface and for the Pt(211) surface, respectively. Results for reactive trajectories are
reported in blue and green for the initial position and the position at the dissociation
time, respectively. Results for scattered and trapped trajectories are reported in red
and cyan, respectively.
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B/lel 0/[e] vlel
Surface (B) £ om o 0) £ oum o vy tom o
Pt(111) 1499+ 0.6 121 1236+ 0.5 102 33.8+ 0.6 13.0
Pt(211) 141.2+1.1 167 1173+ 1.0 150 319+ 0.8 122

Table 5.2: Average value, standard deviation (o), and standard error (o) for 8, 0, and
~ at the time of the dissociation as reported in Figures 5.13, 5.14 and 5.15, respectively.

reorientation [4] for CHD3 on Pt(111) and extend this confirmation to the reaction
on the stepped Pt(211) surface as well. In order to react, the molecule not only
needs to approach the surface with the CH bond pre-oriented toward the surface,
but in the meantime the umbrella has to swing upwards increasing the value of
B. In previous work [4] , Fiichsel et al. studied the dissociation of CHDj3 on
Pt(111) and, for (E;) between 49 and 84 kJ/mol, they observed that the centers
of the distributions of 6 do not shift during the reaction. Extending the range of
initial average kinetic energy, we do observe a dependence of 6 and of v on (E;)
at the time of the reaction (see Figure 5.16) that can be explained by considering

that, since the hydrogen (or deuterium) atom is oriented toward the surface,
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the dissociating bond bends away from the surface upon impacting on the slab
proportionally to the COM velocity, and this results in a decrease of § and in an
increase of y (since 3 does not depend on (E;)).

Figure 5.16 also shows that, at the moment of the dissociation, § and 6
(Figures 5.16A and 5.16B) are smaller for Pt(211) than for Pt(111), while v is
very similar (Figure 5.16C). This suggests that at the moment of the reaction
the internal molecular geometry is the same on the two surfaces. However the
molecules react, on average, more parallel to the macroscopic surface for the
stepped Pt(211). This can be explained by looking at the 6 angle of the T'Ss on
the two surfaces. All the TSs on Pt(111) show 6 ~ 133° (see Table III in Ref. [49])
which is the same value of the lowest E, TS on Pt(211) (Edge2Edge-B1 in Figure
5.4 and Table 5.1). However, the TSs perpendicular to the step edge on Pt(211)
(i.e., C, D, and E in Table 5.1) show values of 6 about 10°-19° smaller and
this effectively broadens the angular acceptance range for the dissociation on the
stepped surface. The TSs C, D, and E dissociate in the direction perpendicular
to the step edge and, even though they show larger E}, they play a big role in the
dissociative process. In Figure 5.17, the distribution of the angle « is plotted at
t = 0 and the moment of the dissociation for molecules reacting on the step edge
atom. « is defined as the counter-clockwise angle between x and the projection
of the dissociating bond on the zy plane. Therefore, a = 0° corresponds to
a dissociation in the z direction and o = 90° corresponds to the y direction
(i.e., perpendicular and parallel to the step edge, respectively). Even though the
minimum energy barrier TS occurs at « ~ 90° (and, equivalently, at « ~ 270°),
most of the reactions on the step edge atom happen for o &~ 180°. This can
be partially explained taking into account that the orientation of the molecules
is sampled as sin(f) which makes 6 ~ 114° (i.e., the ideal value for e = 180°)
oversampled with respect to 8 ~ 133° (i.e., the ideal value for o« = 90°) (see Table

5.1).
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on the Pt(211) 1°¢ layer top view. The closer the distribution is to the external black
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5.4 Summary and Conclusions

In this Chapter, we have analyzed a total of 12500 trajectories where CHDj3 is
impinging either on the flat Pt(111) or on the stepped Pt(211) surface. Moreover
several different TSs have been found on the Pt(211) surface. The TSs found
all have a very similar molecular geometry and the ones located on a step edge
atom of the Pt(211) surface show a significantly lower energy barrier. The ones
on the terrace middle atom have larger barrier heights, even larger than for
the flat Pt(111) surface. On both surfaces, the dissociation has been shown
to proceed through a very similar mechanism where the dissociative CH bond
needs to be pre-oriented toward the surface and the methyl umbrella rotates
upwards to promote the reaction. However the stepped Pt(211) has a broader
angular acceptance range for the dissociative chemisorption and the molecules
react on average more parallel to the surface. The stepped Pt(211) surface can
trap molecules due to a larger energy transfer to phonons and to corrugation-
promoted energy transfer to parallel translational motion. The large velocity
in the direction parallel to the surface of the trapped trajectories suggests that
they can travel long distances, on average more than 600 A for step impacts
with trapping times > 1 ps, while bouncing on the surface. This implies that, in
experiments, the trapped molecule has time to explore the surface, and therefore,
it has an increased probability of reacting by finding the most favorable geometry

or even a higher order defect, such as a kink.
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Abstract

We present a comparison of ab initio molecular dynamics calculations for CHD3

dissociation on Pt(111) using the Perdew, Burke and Ernzerhof (PBE) functional

IThese authors contributed equally to the paper.

167



168 Chapter 6 — PBE vs. SRP: A Functional Comparison

and a specific reaction parameter (SRP) functional. Despite the two functionals
predicting approximately the same activation barrier for the reaction, the cal-
culations using the PBE functional consistently overestimate the experimentally
determined dissociation probability, whereas the SRP functional reproduces the
experimental values within chemical accuracy (4.2 kJ/mol). In this Chapter we
present evidence that suggests that this difference in reactivity can at least in
part be attributed to the presence of a van der Waals well in the potential of
the SRP functional, which is absent from the PBE description. This leads to
the CHD3 molecules being accelerated and spending less time near the surface
for the trajectories run with the SRP functional, as well as more energy being
transferred to the surface atoms. We suggest that both these factors reduce the

reactivity observed in the SRP calculations compared to the PBE calculations.

6.1 Introduction

The dissociation of methane on a transition metal catalyst is one of the rate con-
trolling steps in the steam reforming reaction [1], used for the commercial produc-
tion of hydrogen. Developing an accurate predictive understanding of this indus-
trially important reaction is of potentially great value and could provide a method
of improving the catalyst rather than relying on trial and error. Quantum-
state resolved reactivity measurements [2-5] have shown that the dissociation
of methane is mode-specific, i.e., the initial dissociation probability, or sticking
coefficient, depends not only on the total energy of the methane but also how the
energy is distributed among the degrees of freedom of the molecule [6-9]. Addi-
tionally, in partially deuterated methanes, the CH bond can be selectively broken
by adding a quantum of C-H stretch vibration to the molecule [6, 10, 11]. The
reaction has also been shown to be stereospecific [12, 13] and site-selective [14].
The above observations mean that the dissociative chemisorption of methane on
transition metal surfaces cannot be accurately described using statistical theo-
ries [15]. Several groups [16-22] have used dynamical methods to describe the

dissociation of methane on transition metal surfaces, all of which rely on den-
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sity functional theory (DFT) to calculate the molecule surface interaction in the

system.

For interactions at the gas-surface interface, generalized gradient approxima-
tion (GGA) exchange-correlation functionals are typically used. Even for re-
actions in the gas-phase, these functionals have a mean unsigned error of 3.8
kcal/mol (15.9 kJ/mol) [23], well above the 1 kcal/mol (4.2 kJ/mol) limit which
is considered to define chemical accuracy. This value has not been determined
for gas-surface reactions, but using DFT with the most common GGA function-
als fails to predict the activation barrier (Ej) for dissociation within chemical
accuracy [24]. An alternative, semi-empirical method is to mix two GGA func-
tionals, one which overestimates Ej and one which underestimates the reaction
barrier, to create a specific reaction parameter (SRP) functional [25, 26]. For
gas-surface reactions, Perdew, Burke and Ernzerhof (PBE) [27, 28] and Perdew
Wang 91 (PW91) [29] typically underestimate Ej, and Revised PBE (RPBE) [30]
tends to overestimate Ej [26, 31-37]. Combining these to make an SRP func-
tional can produce chemically accurate results for gas-surface reactions, as was
first demonstrated by mixing the PW91 [29] and RPBE [30] functionals for Hy
on Cu(111) [26, 38] and Cu(100) [31]. More details on the SRP-DFT approach
are reported and discussed in Chapter 2. We have also demonstrated that an
SRP exchange correlation functional can be used to reproduce the experimental
sticking coefficients for CHD3 on Ni(111) for both molecules prepared with a
quantum of C-H stretch vibration and those without vibrational excitation [22].
The same SRP functional, which uses the RPBE [30] and PBE [28] for exchange
and van der Waals for correlation [39], was also shown to give chemically accu-
rate results for the sticking coefficients for CHDj3 dissociation on Pt(111) and
Pt(211) (see Chapter 4 and Ref. [40]), demonstrating the transferability of the
SRP functional among systems in which methane reacts with group 10 transition
metals of the periodic table, and from a flat to a stepped transition metal surface.
In recent work, the same SRP functional has been shown to accurately describe
site-specific reactivity by reproducing the sticking coefficients for the dissociation

of CHy on the step sites of Pt(211) [14].
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For the dissociation of methane on Pt(111), the PBE and SRP functionals
both predict the same Ej for the reaction, within 1 kJ/mol. Despite this, and as
we will show, the PBE functional considerably overestimates the experimentally
determined sticking coefficients for CHD3 on Pt(111), whereas the SRP functional
reproduces the measurements within chemical accuracy. The inclusion of the van
der Waals correlation in the SRP functional reproduces the physisorption well
which is present in the system [41] but is absent from the PBE description as
discussed in more detail in Section 6.3. Previous work by Jackson and co-workers
using their reaction path Hamiltonian model presented in the supplementary
material of Ref. [40] has suggested that the coupling of translational motion
along the minimum energy path (MEP) to vibrational motion is larger with the
SRP functional than the PBE functional due to the presence of the van der Waals
well. The effect of this may be to remove energy from motion along the MEP and
convert it to motion away from the MEP, reducing the observed reactivity with
the SRP functional. Similar arguments have also been presented to explain why
vibrational energy can promote the dissociation of methane on transition metal
surfaces more than the same amount of translational energy, i.e., the vibrational
efficacy can be more than 1 [7, 42-46]. The vibrationally excited molecules stay
closer to the MEP than the molecules with only translational energy, meaning
they sample parts of the potential energy surface (PES) with a lower E,. This
can lead to an increase in reactivity which is more than would be anticipated by

the amount of vibrational energy added [7].

Another effect of including the van der Waals correlation could be to change
the energetic corrugation of the PES, i.e., how the shape of the PES changes
with motion parallel to the plane of the surface. A recent study [36] compared
several density functionals for the dissociation of Hy on Ru(0001) and found that
those which included van der Waals correlation better reproduced the depen-
dence of experimentally determined sticking coefficients on incident translational
energy than functionals which did not include van der Waals correlation. As
the gradient of the sticking coefficient curve reflects the distribution of activation

barrier heights present on the surface, this was attributed to functionals that in-
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cluded van der Waals correlation providing a better description of the energetic
corrugation than functionals without van der Waals correlation.

In this Chapter, we will present a detailed comparison of the results from ab
ingtio molecular dynamics (AIMD) calculations performed using the SRP and
PBE functionals to further investigate why they predict such different reactivity
for the dissociation of CHD3 on Pt(111). The rest of the Chapter is organized
as follows. In Section 6.2, we give an overview of the theoretical methods used
in the current work, before presenting the results and discussion in Section 6.3.

Section 6.4 presents a summary of the key points.

6.2 Method

The theoretical methods employed in the current work have been described in
detail in Chapter 2 and in previous work [37, 40] and only the most relevant
aspects will be presented here. In brief, we ran between 500 and 1000 quasi-
classical trajectories per incidence condition for CHD3 colliding with Pt(111) for a
range of incident energies, using the Vienna ab initio simulation package (VASP)
version 5.3.5. [47-50] The first Brillouin zone has been sampled using a 4x4x1
I'-centered K-point grid, and the cut off energy for the plane wave basis set was
350 eV. Projector augmented wave pseudopotentials [51, 52] have been used to
represent the core electrons. For the SRP calculations, the same pseudopotentials
have been used consistently throughout the calculations, whereas for the PBE
calculations, a different Pt pseudopotential was used for equilibrating the surface
and in the AIMD trajectory calculations. As discussed in more detail in the
supplementary material of Ref. [53], the maximum error this introduces in the
E, for the reaction calculated using the PBE functional is 0.4 kJ/mol, which is
not large enough to change the results of the PBE trajectories presented here.
The Pt(111) surface has been modeled using a 5 layer (3x3) supercell slab [37, 40]
with each slab separated from its first periodic replica by 13 A of vacuum. A 0.1
eV Fermi smearing has been used to facilitate the convergence. Extensive tests

of the parameters used in the calculations have been performed, the results of
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which can be found in the supplementary material of Ref. [40].

The PBE [28] and the SRP functional developed in Ref. [22] have been used
in the DFT calculations. The SRP exchange-correlation functional (E$EF) is

defined as:
ESRP — ¢ ERPBE | (1 — g) . ERBE 4 pydW-DF (6.1)

where EEBE and EZPBE are, respectively, the PBE and RPBE exchange func-

EYAW-DF 5 the van der Waals correlation functional [39]. Chapter

tionals, and
4 and previous work [40] has shown that z = 0.32 produces chemically accurate
results for the dissociation of CHD3 on Pt(111), and we will use this value of

here. We will refer to this SRP functional as SRP32-vdW.

The initial conditions used for the trajectory calculations were sampled to
replicate the molecular beam scattering experiments of Beck and co-workers pre-
sented in Ref. [40]. For the “laser-off” trajectories, the vibrational populations
of the molecules were sampled using a Boltzmann distribution at the nozzle tem-
perature used to create the molecular beam expansion, whereas for the v, = 1
calculations, all the molecules were prepared with a single quantum of CH stretch
vibration. The translational energies of the molecules in each case were sampled
from the experimental time of flight distribution, and the positions and velocities
of the surface atoms from dynamics calculations run to equilibrate the bare slab
at a surface temperature of 500 K. More details about the sampling of the molec-
ular initial conditions can be found in the supplementary material of Refs. [22]
and [40].

At the start of the trajectory, the CHDj3 is positioned 6 A above the surface
with = and y chosen to randomly sample all the positions on the Pt(111) slab. The
trajectories were propagated with a time step of 0.4 fs using the velocity-Verlet
algorithm until the CHD3 either dissociated on the Pt(111) surface or scattered
back into the gas-phase. The molecule was considered to have reacted if one of
the bonds in the molecule was greater than 3 A, whereas if the center of mass

(COM) of the molecule was 6 A away from the surface with the COM velocity
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directed away from the surface, it was considered to have been scattered [40]. All
the trajectories were found to either react or scatter within the maximum 1 ps
timeframe that the trajectory was propagated for; we observed that no molecules
remained trapped on the surface.

The sticking coefficients (Sp), were calculated from the AIMD calculations

using:
SO = Nreact/Ntota (62)

where Nyeqer is the 