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General Introduction

1.1 Gas-surface reactions

We are surrounded by molecules. These molecules can interact with each other
artificially (in the ways arranged by us) or naturally. These chemical interactions
are then part of our everyday life. A well known example of a natural reaction of
these molecules is the rusting of the metals left outside in a humid environment.
An artificial example is the reduction of the toxic exhaust gases from cars by a
catalytic converter'. Many of these reactions find their application in industry?.
A well know example is the Haber-Bosch process,

No+3Hy = 2N Hj3, (11)

used in the synthesis of ammonia which is an important chemical reaction in the
production of artificial fertilizer® needed for food production. Another example
is steam reforming?,

CH,+ HO = 3Hy + CO, (1.2)

used to produce hydrogen (Hz) and carbon monoxide (CO) gas from methane
(CHy) and steam. These chemical reactions proceed on a catalyst. For example,
in the Haber-Bosch reaction, iron or ruthenium is used as a catalyst, whereas
for steam reforming, nickel is commonly used as catalyst. Improving these
reactions by designing new catalysts, either by allowing cheaper materials to
be used as catalysts or by reducing the energy cost of a given reaction, have
a potentially huge impact on the chemical industry®. Due to the considerable
importance of these chemical reactions for industry, it is not surprising that they
receive much attention from both theoretical and experimental studies. It is then
the job of the chemist to understand why and how these reactions take place,
at the experimental level, and also at the theoretical level in order to achieve
improvements.

Chapter
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As a simple form of a chemical reaction let us consider two molecules (reac-
tants) coming together with enough energy to overcome the energetic barrier to
that reaction and then reacting to form the product(s). During this reaction,
bonds are broken, and new bonds are formed. The chemical reaction that takes
place in the presence of a catalyst is called a catalyzed reaction. A catalyst is
a reaction partner that interacts with the reactants to provide an alternative
reaction mechanism that is energetically more favorable. In general, a catalyst
stabilizes the transition state of the reaction complex formed by the reactants
coming together on a catalyst, thereby lowering the barrier (Fig.1.1) to reaction
and facilitating the breaking of existing chemical bonds and the formation of
new chemical bonds.

A
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FIGURE 1.1: The schematic overview of the role of the catalyzed reaction.

The products that are formed after the reaction move away from the catalyst,
allowing the catalyst to participate in a new catalytic cycle. The catalyst creates
an alternative energetic pathway by lowering the energetic barrier to speed the
reaction. It increases the reaction rate and may allow it to proceed under milder
conditions (lower temperature and or pressure), reducing the cost. In many
cases, it is also possible to increase the selectivity of the catalyst such that the
formation of a desired reaction product is favored over an unwanted reaction
product, reducing waste and pollution. If the reactants and the catalyst exist
in distinct phases (plasma, gas, liquid, solid), we call it heterogeneous catalysis,
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while in homogeneous catalysis both the catalyst and the reactants are in the
same phase. Another important type of catalysis that cannot go unmentioned is
biocatalysis, in which proteins act as highly specialized catalysts (enzymes) for
nearly all biochemical reactions underpinning life as we know itf.

1.2 Molecule metal-surface reaction mechanisms
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FIGURE 1.2: Schematic overview of different mechanisms for molecule metal-surface
reactions. (a) dissociative chemisorption, (b) Langmuir-Hinshelwood reaction, (c)
abstraction, (d) Eley-Rideal reaction, (¢) molecular adsorption and (f) hot-atom reaction.

When a molecule interacts with a surface, reactions may proceed through
several mechanisms, the most common mechanisms being shown in Fig.1.2.
Three of these mechanisms involve the adsorption of the reactant molecule to
the surface: dissociative chemisorption (DC), in which a bond in the incoming
reactant is broken and both fragments are adsorbed to the surface (Fig.1.2.a);
abstraction, in which after a bond in the reactant incoming molecule is broken,
only one fragment is adsorbed to the surface while the other fragment returns
to the gas phase (Fig.1.2.c); and molecular adsorption, in which the whole
molecule is adsorbed to the surface, without bond breaking (Fig.1.2.e). This last
mechanism can happen through chemisorption or physisorption. Other reaction
mechanisms are: the Langmuir-Hinshelwood reaction, in which two atoms and/or
molecules that are adsorbed to the surface can combine, form a new bond and the
newly formed molecule desorbs (Fig.1.2.b); Eley-Rideal reaction, in which one
atom/or molecule coming from the gas phase reacts directly with an adsorbed
atom/or molecule on the surface and the newly formed molecule directly desorbs

Chapter
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from the surface (Fig.1.2.d); and Fig.1.2.f the hot-atom reaction, in which a
molecule coming from the gas phase is temporarily trapped and bounces on
the surface not achieving thermal equilibrium with it, and collides with another
molecule adsorbed on the surface to form a bond, and the newly molecule formed
desorbs. In 2007 Ertl was awarded the Nobel prize in chemistry for investigating
elementary reaction steps in heterogeneous catalysis experimentally”.

In many cases DC is the rate-limiting step in a heterogeneously catalyzed
process®?. Creating a theoretical description of a complex reaction network
ideally starts with the calculation of ’chemically accurate’ barrier heights for
such elementary reaction steps'’. Calculating chemically accurate barrier heights
for rate-controlling reactions to obtain accurate rates of the overall reaction
network!! is a complex task. This task not only needs to take into account the
static electronic structures of both the reactant and the catalytic surface at the
transition state, but often also dynamical effects such as the molecule’s approach
towards the transition state, the molecule’s internal motion, as well as surface

atom motion due to temperaturelz.

1.3 Background to topics of this thesis

1.3.1 H, reacting on metal surfaces

As mentioned in the previous section, DC is often a rate-limiting step in hetero-
geneously catalyzed process. From a fundamental point of view, understanding
how a molecule reacts on a surface is helped by investigating how the simplest
molecule (hydrogen) dissociates on a clean metal surface with a well-defined
structure. Also, the dissociation of hydrogen is relevant to the industry. It is used
in the synthesis of methanol from COgy over a Cu/Zn0O/AlyO3 catalyst, in which
process the dissociation of hydrogen is considered to be an important step™?1°.
Another reaction that has an extensive use in the chemical industry'6-2! is the
hydrogenation of unsaturated bonds in organic molecules through heterogeneous
catalysis on solids.

The DC of hydrogen on metal surfaces has served as an ideal model system. It
has been the subject of many theoretical and experimental studies. Experiments
carried out in the ultra-high vacuum (UHV) have been used to study the dynamics
of hydrogen dissociation, recombinative desorption, and scattering??>?. However,
there is still a lot to do about the dynamics and kinetics of Hs dissociation at
industrially relevant temperatures and pressures®?:6!.

Experiments on the reaction scattering of Ho from metal surfaces, have inves-
tigated a wealth of phenomena. Sticking probability versus collision energy curves
can be obtained directly from molecular beam experiments?3:24,29,36,39-41,48-52,62
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or indirectly from associative desorption experiments?32%29:38:63 if detailed bal-
ance is assumed. From associative desorption experiments, we can derive infor-
mation on the effect of the initial rovibrational state?3:2%:29:38:63 and also of the
alignment of the molecule relative to the surface on the reverse DC reaction?”.
From state-resolved molecular beam experiments in which Hs scatters from
a surface, information on vibrational excitation3!, rotationally elastic®? and
inelastic? scattering, and vibrationally and rotationally inelastic scattering®354
can be obtained. Elastic and inelastic diffractive scattering of Hy from metal
surfaces can be assessed as well?> 5964768

Using molecular beam techniques, the sticking probability can be measured
directly using the King and Wells method®. In this technique, a gas (molecular
beam) is collimated by skimmers, then supersonically expands into a UHV
chamber toward the target surface. The initial pressure in the UHV chamber
drops when the molecular beam entering the chamber interacts with the surface
and molecules stick, and rises when the molecular beam entering the chamber
does not react with the surface. The sticking probability can be obtained from
the differences in the pressures measured.

25,29,38,42,43,63,70-72 i3 another experimental technique

Associative desorption
where the potential energy surface of the molecule interacting with the sur-
face can be explored. In this approach, resonance-enhanced multi-photon
ionization?32%:29:38,63 (REMPI) can be used to obtain information on state-
specific reaction.

One of the biggest challenges to theorists is to help with understanding and
improving the above experiments. Theoretically, to understand, control, and
predict the rate of heterogeneously catalyzed processes, the DC of a molecule
on a metal surface has been widely studied™?°. Typically density functional
theory (DFT?%92) has been used. Some of the research focused on improving
on existing exchange-correlation (XC) functionals. One example concernes the
specific reaction parameter approach to density functional theory (SRP-DFT)™
for dissociative chemisorption on metal surfaces, which has enabled achieving
chemical accuracy for several systems%% 79808793795 " Tpy some cases, transferability
of the SRP density functional (SRP-DF) among chemically similar systems has
been found”698.

To accurately simulate the experimental sticking coefficients (Sp), many
points have to be considered. In general, the product of the reaction between
a molecule and a metal surface is influenced by the details of the interaction
potential between the molecule and the surface. Many factors can play a role
during the approach of a gas phase molecule to the surface. Firstly, due to
their thermal motion, the surface atoms can be displaced from their equilibrium
positions. As a consequence, the interaction potential between molecule and

Chapter
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surface might be modified. Secondly, due to the vibrational coupling with the
phonons of the lattice, there can be energy exchange between the molecule and
the surface. Finally, electron-hole pair excitation (a non-adiabatic effect) due
to the transfer of a small amount of energy from molecular motion to electrons
lying just below the Fermi level might also influence the reaction dynamics. The
role played by surface temperature, surface atom motion, and non-adiabatic
effects might differ from system to system.

In the literature, many studies have taken into account these processes.
For example, electron-hole (e-h) pair excitation has been taken into account
in the study of Hy scattering from Pt(111). This study suggested that e-h
pair excitation should not play a large role®® in this system, as both reaction
and diffraction could be well described with one and the same potential energy
surface. Non-adiabatic effects have been taken into account directly in the study
of Hy dissociating on Cu(111)?%109 Cu(110)!°! and Ru(0001)'? using electron
friction models. From these studies, no large non-adiabatic effects have been
found, suggesting that e-h pair excitation does not play a significant role for
Hs interacting with metals. In addition, because of the large mass mismatch
between the Hy molecule and a surface atom!%3194 for activated systems, the
amount of energy exchanged between Hs and the surface atoms is not expected
to be large!?19%:106  For the thermal motion, a density functional molecular
dynamics (DFMD) study of Ds on Cu(111)%° has revealed that for low surface
temperatures (Ts=120K) the Born-Oppenheimer static surface (BOSS) model
works quite well.

In view of the above, it becomes computationally feasible to map out a
potential energy surface in six dimensions (6D), for Hy interacting with a metal
surface, and use it to compute accurate molecular beam sticking probabilities
(or DC probabilities) using the (quasi-)classical trajectory method or quantum
dynamics.

1.3.2 Databases

In general, accurate barrier heights are key to understanding, controlling, and
predicting chemical reactions. Our ability to understand and predict heteroge-
neous catalysis could be increased if there would exist accurate databases of
barrier heights for molecule-metal surface reactions.

While databases exist for gas phase reactions'®” 110 and for reaction energies
on metal surfaces''! 113 they are scarce for barriers to DC on metals. For
adsorption bond energies to transition metal surface, for example, a database
was recently built which contains data for 39 systems!'3. This database was
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HI-17 and has been extended so that it

used to test several density functionals
now contains''® data for 81 systems.

The first database (CatApp''®12°) on barrier heights for DC was built using
only one DF (RPBE!2!). A more recent database on DC is the SBH1012? database
containing results for 10 systems and benchmarked with the 2" rung BEEF-
vdW2H 374 rung MS2'23 and 4** rung HSE06'>* DF of Jacob’s ladder!2126,
Why are databases for barrier heights for DC scarce?

One of the main reasons has been that, until very recently, only DFT could
be used to study DC on metals, which is less accurate. Therefore, until recently
it was not well known how large the errors are in barrier heights when using
semi-local XC functionals. Some indication in the literature can be found about
the performance of semi-local functionals for gas phase reactions. A test on
the BH206'%® database using the MN12-L'?7 and N12'?® showed root-mean
square deviations of 4.3 and 7.1 keal/mol, respectively, which is still far from the
chemical accuracy standard (1 kcal/mol). Very recently, the use of SRP-DFT (a
semi-empirical method) has enabled a description of barrier heights for several
DC systems (14) with chemical accuracy'?”. This suggests the construction of a
new database for DC on metals, as discussed below.

1.3.3 Mixed DFs for SRP-DF development

As mentioned in the above subsection, the SRP-DFT approach has already
allowed the construction of a small database (SRP14) containing 14 systems for
molecule-metal surface reactions'??. But there is still a conundrum at the heart
of this approach, in particular about how to mix exchange and correlation DFs
at the general gradient approximation (GGA) or meta-GGA level of theory to
DFT to enable one to accurately reproduce barrier heights for DC. Several ways
of mixing functionals can be found in literature: (i) using a weighted average
of two exchange correlation (XC) functionals within the GGA%™, (ii) using
a weighted average of two exchange (X) functionals within the GGA and to
combine the resulting X functional with a GGA correlation (C) functional®,
(iii) as in (ii), but using a non-local C functional?®'39-132 also approximately
describing the attractive van der Waals interaction'33134 (iv) by the use of a
GGA exchange functional that was designed to be tunable!® and by combining
it with non-local van der Waals correlation®>!3% and (v) by the use of meta-GGA
functionals either with semi-local correlation'®”
correlation®”. An interesting question is whether a general expression of a mixed
DF can be found that will allow one to reproduce the barrier for DC on metals
for any system.

or in combination with non-local

Chapter
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1.4 Aims of this thesis

The main goals of the thesis are to improve the theoretical description of reactive
scattering of Ha from various transition metal surfaces, such as Ni(111) and
Al(110), to build a database with barrier heights for DC to allow testing of
electronic structure methods and to develop a more general expression of a mixed
DF that can function as an SRP-DF for any DC-on-metal-surface system. For
the two Ho-metal systems mentioned, we would like to reduce the bridge between
theory and experiment regarding the description of reaction dynamics, through
the design of accurate SRP-DFs. Furthermore, the explosion of computational
studies in heterogeneous catalysis on metal surfaces has raised the question
how reliable existing density functionals are. Therefore, there is a need for
benchmark data sets. For this, we take a first step to build a database for
barrier heights to DC. We also investigate several expressions of mixed DFs
for their ability to function as SRP functionals, with the idea of deriving an
SRP-DF that can work for all or most systems with a charge transfer energy
greater than 7 eV. Here, the charge transfer energy is defined as the difference
of the work function of the metal surface and the electron affinity of the molecule.

All the theories behind this thesis are discussed directly in the following
Chapters. The Chapters in this thesis address the aims mentioned above as
follows:

In Chapter 2, we aim to develop an entry to the database of chemically ac-
curate barriers for DC on metal surfaces, i.e., the barrier height for DC of Hs
on Ni(111), for which several molecular beam experiments exist. New potential
energy surfaces for this system were computed at the GGA and the GGA +
vdW level of theory using various density functionals. The PESs were used to
evaluate sticking coefficients and reaction probabilities using the quasi-classical
trajectory and the time-dependent wave packet method. The theoretical results
obtained were then compared to experimental measurements, and an SRP DF
and a chemically accurate barrier height were derived.

In Chapter 3, the aim is to present an extended database for the DC of
molecules on metal surfaces, which can be used for benchmarking purposes. In
our approach we avoid an important flaw from the previous SBH10 database!'??,
in which transition states were modeled incorrectly by allowing the metal surface
to relax in the molecule’s presence. We introduce a new concept of algorithms
(light, medium and higher). We tested these three algorithms and 14 density
functionals on the database, which can now be used by other electronic structure
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theorists to test their approaches to DC on metals.

In Chapter 4 the focus lies on the highly activated DC of Hy on Al(110).
The goal is to establish whether the dynamics in this highly activated system
can still be accurately described by the quasi-classical trajectory method. To
answer this question, we performed dynamics calculations on a potential energy
surface computed with a first principles based SRP density functional that has
been fitted to recent diffusion Monte-Carlo calculations. Quantum dynamics
(QD) and quasi-classical trajectory (QCT) calculations are used to compute
sticking probabilities. A detailed comparison between QD and QCT calculations
elucidates the importance of quantum effects on the DC in this highly activated
system.

Chapter

In Chapter 5 the focus lies on a basic principle on how density functionals at
the GGA and GGA +vdW levels can be mixed to construct an SRP DF that will
reproduce with accuracy barrier heights for DC of molecules on metal surfaces.
For this purpose, we tested 7 expressions of mixed DFs on a database with 16
entries we called SBH16 (the SBH17 database of Chapter 3 with Ho+Pt(211)
removed) using the medium algorithm method introduced in Chapter 3. We also
investigated in this chapter how the amount of the RPBE exchange in an SRP
DF correlates with the charge-transfer energy, which is defined as the difference
of the work function of the metal surface and the electron affinity of the molecule.

1.5 Main results

The main results obtained in this thesis are summarized here.

In Chapter 2, we develop a SRP-DF for Hy on Ni(111), also investigating if
the SRP-DF derived previously for Ha+Pt(111)!3% is transferable to the system
investigated. To address these questions, 6D PESs have been constructed for the
dissociation of Ha+Ni(111) using nine different exchange-correlation functionals.
The PESs calculated were then interpolated using the CRP method. To compare
with experimentally measured sticking probabilities, quasi-classical trajectory
and quantum dynamics calculations have been performed using the BOSS model.

The functionals investigated have shown that DFs with van der Waals cor-
relation yield barriers closer to the surface and exhibit larger energetic corrugation
than those with PBE correlation. The PBE-vdW-DF2 and RPBE:PBE(50:50)vd W-
DF1 functionals describe the sticking experiments®? performed by the Rendulic
group quite well, with PBE-vdW-DF2 giving the best results. From the com-
parison with the most recent molecular beam experiments®' performed by the
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Rendulic group, we conclude that PBE-vdW-DF2 can be considered to be a
candidate SRP-DF for Hp + Ni(111). However, the PBEa=0.57-vdW-DF2
functional, which is a SRP-DF for Hs on Pt(111) is not transferable to Hy +
Ni(111), even though Ni and Pt belong to the same group.

Even if the PBE-vdW-DF?2 is considered as a candidate SRP-DF for Hy
+ Ni(111), the sticking probabilities obtained for this DF are not yet in good
agreement with the experiments of the Rendulic group®! for incidence energies
> 0.25 eV. We found that for incidence energies > 0.25 eV, Sy starts to exhibit
a considerable dependence on the beam conditions, so that some of the dis-
crepancies noted could be due to different beam parameters characterizing the
experimental beams and the beams simulated in the calculations. Other possible
causes of error in the experiments have also been discussed.

In Chapter 3 we present a new database with barrier heights for DC on
metal surfaces that can be used for benchmarking electronic structure methods.
The new database is called SBH17 and contains barriers for 17 systems, including
8 Hy metal systems, 2 No metal systems, and 7 CH; metal systems. For 16
systems the work function of the metal surface minus the electron affinity of the
molecule exceeds 7 eV. The barrier heights come from SRP-DFT (14 systems) and
from estimates derived using more ad hoc semi-empirical methods (3 systems).
The new database is meant to replace an older database (SBH10) that contained
barriers for 10 of the 17 systems now treated.

We have tested 14 DFs on the new database, of which three were GGA DFs,
4 meta-GGA DFs and 7 DFs contained GGA exchange and vdW-DF1 or vdW
-DF2 non-local correlation. Three different algorithms were tested, which were
labeled "high", "medium" and "light" according to the investment of computer
time that was required for the calculation.

Of the DFs tested, the meta-GGA DFs perform best at describing the
metal, followed by PBE and optPBE-DF1. When the MAE is taken as the
accuracy criterion, the workhorse PBE GGA DF performs best on the SBH17
database, with a MAE of 2.4 kcal/mol. Other top performers are the MS2
meta-GGA functional and two functionals consisting of GGA exchange and
non-local correlation (SRP32-vdW-DF1 and PBEa57-vdW-DF2). None of the
DFs tested systematically underestimates reaction barriers for DC on metals, in
contrast to findings for gas phase reactions. We obtain different results regarding
the relative accuracy of the MS2 and BEEF-vdW-DF2 functionals than obtained
in an earlier study of the SBH10 database, which we attribute to an incorrect
treatment of the surface atoms in the transition states in the earlier study.

For the sub-databases with Ho-metal systems, No-metal systems, and CHy-
metal systems, rankings are obtained that differ from the overall ranking for the
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complete database. The SRP50-DF (the 50/50 mixture of the PBE and RPBE
GGA DFs) performs best for Ho-metal systems. BEEF-vdW-DF2 performs best
for No-metal systems, and SRP32-vdW-DF1 for CH4-metal systems.

The DFs performing best for DC barriers (i.e., kinetics) are not the ones
that perform best for databases'!?!3®% (CE26, CE21b) of chemisorption energies
on metals (i.e., thermochemistry). This trend is paralleled in the performance
of DFs on databases for kinetics (BH76, BH206) and thermochemistry (AEG,
TCE) in the gas phase. The meta-GGA MS2 DF is the functional with the
best overall performance for DC barriers and chemisorption energies on metals.
Of the five GGA and meta-GGA DFs considered for their performance on 6
databases for kinetics and thermochemistry on metal surfaces and in the gas
phase (PBE, RPBE, revTPSS, MS2, and SCAN) again MS2 showed the best
overall performance.

In Chapter 4 we evaluate the accuracy of the QCT method, or, alternatively,
the importance of quantum effects for the sticking of Hs on Al(110), for conditions
that should be close to the conditions under which molecular beam experiments
have been done on this system'?. For this purpose, QCT and QD calculations
have been done with the BOSS model on a PES obtained with DFT, which
exhibits a minimum barrier height close to that recently obtained with QMC
calculations'??. To keep the number of QD calculations to be performed small, a
procedure was used in which Monte-Carlo averaging over the initial rovibrational
states of Hy was employed. This procedure allowed the quasi-classical calculation
of sticking probabilities with a relative error < 7.5% for 5 of the six initial
conditions investigated, and of 16% for one of these conditions, at approximately
an order of magnitude less computation time.

The sticking probabilities computed with QD using the PMC procedure
exceed the ones computed with the QCT method by 80 and 30% for the two
beam conditions corresponding to the lowest average incidence energies (5.1 and
6.0 kcal/mol), decreasing to only 5% for the highest incidence energy of 9.4
kcal/mol. The sticking probability curve computed with QD is shifted to lower
energies relative to the QCT curve by 0.21 to 0.05 kcal/mol, with the highest
shift obtained for the lowest incidence energy.

These "quantum effects" may be viewed as being rather small for molecu-
lar beam sticking experiments in which the average incidence energies (5.1-8.5
kcal/mol) are much smaller than the minimum barrier height of the system
investigated (24.8 kcal/mol). The smallness of the quantum effects is explained
on the basis of the large vibrational efficacy of the system (> 1 for v=1) and of
the broadness of the translational energy distributions of the molecular beams
used in the experiments we address.

Chapter
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Finally, in Chapter 5 we have investigated the tunability of several expres-
sions for mixed density functionals, in which a mixing parameter & can be tuned
to enable the mixed DF to reproduce the reference value of the barrier height to
DC of a molecule on a metal surface. The mixed functionals are tested on the
barriers collected in the database we call SBH16, which is equal to the previously
reported SBH17 database of Chapter 3 with the Hy + Pt(211) system removed
from it.

Several finding are reported. Increasing the fraction of RPBE exchange
incorporated in the mixed DFs leads to higher barriers. In addition, all mixed
DFs tested are well tunable towards higher barriers, as their limiting forms
(RPBE, RPBE-vdW1, and RPBE-vdW2) all systematically overestimate the
barrier height for the systems in the SBH16 database. Furthermore, the mixed
SRPxsol-vdW2 DF could describe the minimum barrier height of 15 of the 16
systems using vdW-DF2 correlation, while the mixed SRPz-vdW1 DF could do
so for 14 of the 16 systems using vdW-DF1 correlation. The mixed SRPzsol
GGA DF could describe the minimum barrier height of all 16 systems tested.

Finally, we also tested whether and how the mixing coefficient of the mixed
DFs is correlated with the charge transfer parameter describing the system, i.e.,
the difference between the work function of the metal surface and the electron
affinity of the molecule. The answer depends on which mixed DF is used. For
the SRPx and SRPxsol DFs, which both use PBE correlation, we found that
the optimum fraction of RPBE exchange decreases with the charge transfer
parameter, as could be expected on the basis of earlier results. However, the
opposite relationship and weaker correlation was found for the mixed DFs using
vdW-DF1 or vdW-DF2 correlation.

1.6 Outlook

All the questions that remain open with regard to the results that we have
presented in this thesis are discussed in this Section, as well as the potential
future investigations this research opens the door to.

The development of the SRP-DFs that can describe the reaction of a molecule
with multiple transition metal surfaces to within chemical accuracy is still not
yet clear. From the previous work of the DC of the Hy on Pt(111)!3¢ it was
suggested that the functional that allowed to achieve chemical accuracy for that
system could also be transferable to Hy on Ni(111). The results presented in
Chapter 2 show that the SRP-DF for Hy on Pt(111)*6 is not an SRP-DF for Hy
on Ni(111) even though Ni and Pt belong to the same group in the periodic table.
In contrast to this finding, the previous SRP-DF developed for CHy on Ni(111)!3?
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was found to be an SRP-DF for several other CHy-metal systems
Why is the SRP-DF developed for CH4+Ni(111) transferable to CH4+Pt(111),
while the SRP-DF for Hy on Pt(111) is not transferable to Ho+Ni(111)? This
question is difficult to answer and remains open. Further studies are necessary
to establish, for instance, whether the transferability depends on the nature of
the mixed DF that is parameterized.

The ability to describe with accuracy the DC of a molecule on metal surfaces
does not only depend on the performance of the parameterized mixed DF
used, but also on the availability of highly accurate experimental data. The
theoretical sticking probabilities obtained for Ho on Ni(111) are not yet in good
agreement with the experiment®. As discussed in Chapter 2, these discrepancies
can perhaps be attributed to differences between the beam parameters that

characterize the experiment and the beam parameters used for simulations.

The comparison of different sets of experimental sticking coefficients also shows
multiple discrepancies. To resolve this, the availability of highly accurate and
well-defined experimental data is of great importance, and it would be good if
new and accurate results would become available for Ho on Ni(111).

The results for DC of Hy on Cu(111)2, Cu(211)%, Ru(0001)'3° and also
the results presented in Chapter 2 suggest that quantum effects are not of large
importance to DC of Hy on metals. The sticking probability curve computed
with quantum dynamics in Chapter 4 for Hy reacting on Al(110) is shifted

to lower energies relative to the quasi-classical curve by 0.21 to 0.05 kcal/mol.

This result shows that the quantum effects are also not very important for this
highly activated system. This raises an important question. How important are
quantum effects on the DC for highly activated Ho-metal systems really since we
know the Hs on Al(110) system has a minimum barrier height > 1 eV? It will be
worthwhile to also investigate whether the observation that quantum effects are
not very important also holds for other systems with minimum barriers higher
than 1 eV such as Hy on Ag(111)37:14%143 and Au(111)1427144,

On the basis of the results presented in Chapter 3, we see the following
possible improvements of the present database for DC barriers on metals, and
for testing DFs on the database.

First, we suggest that in future the entries in the database are as much as
possible based on SRP-DFT, and not on more ad-hoc SE procedures. This
would require dynamics calculations with trial DFs on CHy + Ru(0001) and CHy
+ Ni(100), for which molecular beam experiments are already available!45146,
and new experiments and dynamics calculations on Ny + Ru(1010), for which
molecular beam sticking experiments are, to our knowledge, not yet available. As
noted above our comparison between MAEs computed with PBE for SBH17 and
SBH14-SRP suggests that replacing the reference values with SRP-DFT values

93,96,98,129,141
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for the three systems mentioned is likely to lead to smaller MAEs for a thus
improved version of the SBH17 database. Second, we suggest that the database
be extended with additional No-metal systems. It may be possible to do this by
semi-empirically fitting SRP-DFs to supersonic molecular beam sticking data
on Ny + Fe(111)M7%148 \W(110)14%150 and W(100)!%°1%3. Adding these data
is desirable to make the database more balanced, as it is now dominated by
data for DC of Hy and CH4 on metal surfaces. Also, it would show whether our
results for the MS2 DF are robust to addition of more No-metal systems to the
database, for which this DF did not perform so well, and the same holds for the
optPBE-vdW-DF1 and PBE DFs.

On the longer term, it should be necessary to extend the database with
systems for which the charge transfer energy, which equals (WF-EA), where
WF is the work function of the metal surface and EA the electron affinity
of the molecule, is less than 7 eV. As noted in Ref.'®*, DFs with semi-local
exchange would appear to systematically overestimate the reactivity of such
systems, suggesting that DFs with screened exact exchange are required for
a good description. Examples of systems for which molecular beam sticking
data are available include e.g. HoO + Ni(111)!%° HCI + Au(111)'%%, and O
+ Al(111)157198 - Ag(110) 159160 Cu(100)16L, and Cu(111)2. Inclusion of such
systems in the database would certainly alter the view of the performance of DFs
for DC on metal surfaces, where the view offered in the present work is specific
to systems with (WF-EA) > 7 eV, the only exception being Ny + Ru(1010).

Finally, a far larger number of DFs exists than we tested. While we could
mention specific DFs here that would be nice to test, this might not do justice to
others, as several DFs exist (see e.g. the DFs tested in Refs.'07108:110)  However,
a particular DF we would like to mention is the new machine learned DF
DM21'63, Even though this DF has not been trained on interactions involving
transition metals, it would be good to see how it performs on SBH17. It would
also be good to test recently developed functionals combining screened exact
exchange with vdW-DF1 and vdW-DF2 correlation!641%%  which may work
especially well for the representative database we envisage. We advocate that
such future benchmark tests would also incorporate calculations employing the
CE26 database for chemisorption on metals!!'?.

Finally, for Chapter 5, the results presented have opened the door to several
new lines of research. First of all the results underscore the need to obtain better
reference values for the Hy + Ag(111), CH4 + Ru(0001), and CH4 + Ni(100)
systems. For all mixed DFs the optimized mixing coefficients for these systems
appear as outliers when plotted as a function of the charge transfer parameter,
and removing these systems from the database leads to correlation coefficients
with an increased absolute value for the mixed SRPx and SRPzsol DFs for the
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Hs-metal surface and the CHy-metal surface systems.
A small improvement over using the SRPxsol mixed DF could be to use a DF

that simply mixes the RPBE and the PBEsol exchange-correlation functionals.

This would avoid the use of an exchange correlation functional with unbalanced
exchange and correlation at the lower =0 end of the spectrum, i.e., PBEsolc.
When it comes to designing mixed functionals incorporating vdW-DF1 or
vdW-DF2 correlation, another idea worth testing might be to investigate mixtures
of weakly repulsive GGA exchange DFs that are appropriate matches for the
vdW1 and vdW2 correlation functionals with the rather repulsive!®® exchange
functionals combined with these C functionals in the original vdW-DF1'33 and
vdW-DF2!34 DFs. Examples of such exchange functionals have been incorporated
in the C09'% and CX!7 vdW functionals, and other exchange functionals
mentioned in Ref.!5%. Another idea would be to explore mixtures of repulsive
meta-GGA DFs (such as MS-B86b1!37) and attractive meta-GGA DFs (such as
SCAN'68) that tend to overestimate respectively underestimate barriers to DC of
molecules on metals'®. It would also be of interest to investigate the performance
of mixtures of, or parameterized forms of screened hybrid functionals such as
HSE06'?* and screened functionals incorporating van der Waals correlation
However, it might be most productive to test such hybrid functionals once a
database becomes available that also incorporates good reference values of barrier
heights for systems characterized by charge transfer parameters < 7 eV, such
as Oy + Ag(111)'* and HCI + Au(111)'6. Such systems presently defy an
accurate description based on DFs incorporating GGA exchange!?%156:170,

164,165
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Towards a Specific Reaction Parameter Density
Functional for Hy 4+ Ni(111): Comparison of Theory
with Molecular Beam Sticking Experiments

This Chapter is based on:

Tchakoua, T; Smeets, E. W.; Somers, M.; Kroes, G. J. Toward a Specific
Reaction Parameter Density Functional for Hyo+ Ni(111): Comparison of Theory
with Molecular Beam Sticking Experiments. J. Phys. Chem. C 2019, 123,
20420-20433

Abstract

Accurate barriers for rate controlling elementary surface reactions are key to
understanding, controlling and predicting the rate of overall heterogeneously cat-
alyzed processes. The specific reaction parameter approach to density functional
theory (SRP-DFT) in principle allows chemically accurate barrier heights to be
obtained for molecules dissociating on metal surfaces, and such accurate barriers
are now available for four Ho-metal and three CH4-metal systems. Also, there
is some evidence that SRP density functionals (SRP-DFs) may be transferable
among systems in which the same molecule interacts with a low index face of
metals belonging to the same group. To extend the SRP database, here we
take a first step to obtain an SRP-DF for Hy + Ni(111), by comparing sticking
probabilities (Sp) computed with the quasi-classical trajectory method with
So measured in several molecular beam experiments, using potential energy
surfaces computed with several density functionals. We find that the SRP-DF
for Hy + Pt(111) is not transferable to Ho + Ni(111). On the other hand,
the PBE-vdW2 functional describes the molecular beam experiments on Ho +
Ni(111) we deem to be most accurate with chemical accuracy, and may therefore
be considered a candidate SRP-DF for this system, of which the quality still
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needs to be confirmed through comparison with an experiment it was not fitted
to. However, the different molecular beam sticking measurements we considered
showed discrepancies with one another and with the theory for incidence energies
> 0.2 ¢V, and it would be good if better defined and more accurate experiments
would be done for these energies to resolve these differences.

2.1 Introduction

The dissociative chemisorption (DC) of a molecule on a metal surface is often the
rate-controlling step of a heterogeneously catalyzed process, famous examples
of such processes being steam reforming! and ammonia production?. These
processes are important to industrial companies®(e.g., the steam reforming
reaction is used for the commercial production of the hydrogen!) and improving
the efficiency of heterogeneously catalyzed processes is of huge importance.

To understand how heterogeneous catalysis works from a quantitative point
of view, being able to accurately model DC is important. For this, it is relevant
to have an accurate potential energy surface (PES) with accurate barrier heights
available. Experimentally, it is not possible to measure the barrier height for
DC. The observable usually measured experimentally is the sticking probability
So. Therefore, the only way to assess a computed barrier height and PES is
through a theoretical approach in which a PES is used in dynamics calculations
to calculate Sy as a function of average incidence energy and comparison with
experiment for this and other observables*®. Only when experimental data are
reproduced to a sufficiently large extent can a claim be made that the computed
barrier is of high accuracy, with chemical accuracy defined as accurate to within
1 keal /mol*S.

Unfortunately, ab initio or non-empirical electronic structure methods that
can compute molecule-metal surface interaction energies to within chemical
accuracy are not yet available (see also Refs.® and”, and Chapter 3). Presently,
the most efficient electronic structure method that can be used to map out the
PES of the interaction of the molecule with metal surface is density functional
theory (DFT) using an approximate exchange-correlation (XC) functional, which
is usually taken at the generalized gradient approximation (GGA) level® !°. With
the best GGA functional for barrier heights (MOHLYP) the mean unsigned
error (MUE) for a database of gas phase barrier heights is 3.8 kcal /mol*!. Even
with the highest level semi-local functionals chemical accuracy has not been
achieved yet for such reactions, the best result (MUE=1.8 kcal/mol) having been
obtained with a functional at the meta non-separable gradient approximation

level'?. From the benchmark study we will present in Chapter 3, the PBE
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GGA functional performs best on the SBH17 database for DC on metal surfaces,
with a MAE of 2.4 kcal /mol.

To overcome this problem of DFT accuracy, Diaz et al.* proposed an im-
plementation of specific reaction parameter (SRP) DFT (SRP-DFT). In this
approach the exchange-correlation functional is fitted with one adjustable pa-
rameter to a set of experimental data for a molecule reacting on the surface
that is particular sensitive to the reaction barrier height. Ideally, the quality of
the SRP functional is tested by checking that it can also be used to reproduce
other experiments on the same system, to which it was not fitted®®. With
this SRP approach, one might say we have now obtained a small database of
chemically accurate barriers for molecules reacting on metal surfaces, as discussed
in Chapter 3.

In some cases, transferability of an SRP density functional (SRP-DF) among
similar systems has been established. In the study of Migliorini et al.'3, it has
been shown that the SRP-DF for CH4+Ni(111) could also be used to obtain
chemical accuracy for CH4+Pt(111). This suggests that an SRP-DF for a specific
molecule interacting with a low index face of a specific metal might also be an
SRP-DF for the same molecule reacting on a low index face of a metal belonging
to the same group. However, this type of transferability was found not to hold
when the SRP-DF for Hy+Cu(111) was tested for Da+Ag(111)!4, for which
chemical accuracy was not obtained. Clearly more tests are needed on to what
extent SRP-DFs might be transferable among similar systems, and how the
SRP-DFs should be designed to achieve maximum transferability.

Given the number of the above systems for which the SRP functional could be
fitted to reproduce the experimental results, there is no a doubt that the approach
can be effective. However, this effort is still at an early stage, and more efforts are
needed to extend the database. Being semi-empirical and in need of validation,
the SRP-DFT approach is not without problems. One important problem for
some systems concerns the availability of accurate and well-defined experiments
(see Hy+Pd(111)% and Ho+Pt(111)!6). Obviously, the semi-empirical SRP-DFT
approach is no more accurate than the underlying experimental data. This
problem can become severe if different sets of measurements of the sticking
probability for a specific system show widely differing results'®.

Hs; DC on a metal surface may be considered as a benchmark system for
electronic structure and surface science reaction dynamics methods'” 20, for
several reasons. First of all, hydrogen is a small and simple molecule just
containing two electrons. If the surface degrees of freedom are neglected, the
PES of the Hj reacting on this surface depends on only six degrees of freedom
(six-dimensional, 6D), and can be mapped out easily. In principle, also the
degrees of freedom of the surface atoms should be taken in to account (the
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surface phonons) and electron-hole (e-h) pair excitation®1821:22. However, for Hy
dissociation on metal surfaces, the approximation of keeping the surface static
with the metal atoms in their ideal lattice position (neglecting surface phonons)
has been proven to work well for activated sticking on cold surfaces (surface
temperature not larger than room temperature)?’. Likewise, it is usually a good
approximation to neglect electron-hole (e-h) pair excitation®’,; as also shown in
very recent work?>?4. Finally, a large amount of experimental data is available
for reaction of Hy on metal surfaces?.

Ho+Ni(111) has been the subject of many investigations, theoretically as well
as experimentally. Steinriick et al.?> performed molecular beam experiments on
the sticking using Maxwellian beams of hydrogen, predicting a linear dependence
of the sticking probability upon mean incidence energy in the range 1.7-15
kJ.mol™! (see Fig. 2.1). In contrast, Robota et al.?0 in the same year (1985)
predicted a parabolic dependence of the sticking probability upon mean energy
in the range of 1.0-11.6 kJ.mol~! using nozzle beams (i.e supersonic) of Hy and
Dy (see Fig. 2.1). Hayward and Taylor?” also used nozzle beams, of Hy and
D, with collision energies in the range of 1.0-9.2 kJ.mol~!, and found a linear
dependence of the sticking coefficient of He on Ni(111) upon energy, as Steinriick
et al. did (Fig. 2.1). They concluded that there was probably a problem with
the experiments of Robota et al., which did not yield a linear dependence.

In 1989, Rendulic et al.?® reported new experimental data on Hy + Ni(111),
extending the incidence energy range to higher energies, i.e., to almost 0.4 €V.
They also used supersonic beams and found a linear dependence of the sticking
coeflicient upon mean energy in the conflicting region of Robota et al. and
Hayward and Taylor (Fig. 2.1). At lower incidence energies, the Sy of Rendulic et
al. were in good agreement with those of Hayward and Taylor. Somewhat later,
Resch et al. (from the group of Winkler and Rendulic) revisited the Ho/Ni(111)
system with supersonic molecular beam experiments®’, focusing on the effect
of co-adsorbed inhibitors and promotors (potassium and oxygen). They found
that potassium on Ni(111) acts as an inhibitor to the dissociation of hydrogen
(Fig. 2.1). The clean surface Sy of Resch et al. agree well with those of Rendulic
et al. for E; up to 0.2 eV, but exceed the values of Rendulic et al. for larger
E; (Fig. 2.1). This discrepancy, which was not addressed by Resch et al., may
indicate some uncertainty in the supersonic molecular beam data for E; > 0.2 eV.
Most recently, new experimental data for Ho+Ni(111) were reported by Christine
Hahn of the Juurlink/Kleyn group, in her Ph.D thesis®’. Their observed Sy are
somewhat larger than those of Rendulic et al. and Resch et al., which may be
related to the data having been taken for a circular crystal so that more reactive
stepped surfaces are also sampled and to the data not having been presented as
a function of the average beam energy.
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FIGURE 2.1: Comparison of the energy dependence of the sticking probability of Hy
on Ni(111) for seven different sets of experimental data: Steinriick et al.?®(magenta
left triangle), Robota et al.?®(olive hexagon), Hayward and Taylor®?(black rhombus),
Rendulic et al.?®(blue square), Resch et al.?(green cross) using a clean surface of
Ni(111)(Zero-coverage), Resch et al.?(red down triangle) using an inhibitor (Ni(111)
surface coverage by potassium) and C. Hahn Ph.D thesis®” (cyan upper triangle).

A common point of the experimental data is that extrapolation to lower
incidence energies yields a negative intercept, which indicates that the dissociation
is slightly activated, with a positive minimum barrier height. Three experiments
show similar results for the low energy range, i.e., those of Rendulic et al.?®,
Resch et al.? and Hayward and Taylor?”. For this study, we will focus on the
Rendulic et al.?® experiments, which also give results for high energies, but we
will also compare our computational results to those of Resch et al..

To understand the experiments discussed, several theoretical studies have
been carried out. Unfortunately, most of these studies suffer from the use of a
somewhat inaccurate PES. This may have been due to the use of an approximate
fit expression (e.g., a London -Eyring -Polanyi -Sato form)3! or to the use of
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a standard GGA functional®?. Kresse3? used a non-empirical GGA functional
to obtain a PES for Ha+Ni(111), employing the PW91 functional®®3*. The
classical trajectory method was used to compute the sticking coefficient, with
the vibrations and rotations of Hy described by an ideal gas at the temperature
of the nozzle used in the experiments. His theoretical data for the DC of Hs at
specific incidence energy was compared to the molecular beam data of Rendulic
et al.. Kresse obtained qualitative agreement, but quantitative agreement was
not yet obtained. Specifically, Kresse found that the reaction was activated, but
the reaction probability was overestimated. He concluded that at least part of
the difference might have been due to the use of the classical trajectory method
he used not taking into account zero-point energy effects appropriately. He
suggested that improved agreement with experiment might be obtainable with a
quantum dynamical method.

In the present work, we attempt to derive a SRP-DF for Ho+Ni(111). We first
test the transferability of the previously fitted SRP functional for Hy+Pt(111)35
to Ho+Ni(111). However, we also use other functionals to generate the PES,
where DFs are tested that are semi-local (GGA) and that are non-local (GGA
for exchange and vdW-DF1%6 or vdW-DF237 for correlation). We also evaluate
the sensitivity of the computed sticking probabilities to the molecular beam
parameters that are employed to simulate the experiment. Additionally, we
investigate the accuracy of the dynamics method we use for the simulation of
molecular beam sticking probabilities (i.e., the quasi-classical trajectory (QCT)
method) by comparing with quantum dynamics (QD) results for a few selected
initial rovibrational states.

Our Chapter is organized as follows: First, we describe the theoretical
methods used in this work in Section 2.2. Section 2.2.1 describes the dynamical
model and Section 2.2.2 describes the construction of the PES. The CRP
interpolation method is described in Section 2.2.3. The dynamics methods that
are used here to study Ho+Ni(111) are explained in Section 2.2.4. Section 2.2.5
describes how we calculate the observables. In Section 2.3, the results of the
calculations are shown and discussed. Section 2.3.1 describes the computed
PESs, and Sections 2.3.2 and 2.3.3 provide discussion on the comparison of
our computed sticking probabilities to the molecular beam experiments and
the causes for discrepancies between theory and experiment. Conclusions are
provided in Section 2.4.
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TABLE 2.1: The exchange-correlation functionals used in this work.

Name Type Exchange  Correlation
PBEa = 0.57-vdW-DF2 vdW-DF PBEa®® vdW-DF237
PBEa = 1.25-vdW-DF2 vdW-DF PBEa® vdW-DF237
PBE-vdW-DF2 vdW-DF PBE!?  vdW-DF237
SRPB86R-vdW-DF2 vdW-DF  0.68B86R3°+0.32RPBE*’ vdW-DF23”
SRPO.5-vdW-DF2 vdW-DF 0.5RPBE*’+0.5PBE!® vdW-DF237
SRPO0.32-vdW-DF2 vdW-DF  0.32RPBE*+0.68PBE!® vdW-DF237
SRP0.5-vdW-DF1 vdW-DF 0.5RPBE*+0.5PBE'® vdW-DF13¢
SRP48 GGA 0.48RPBE*’+0.52PBE!" PBE!?
PBE GGA PBE!? PBE!?

2.2 Methods

2.2.1 Dynamical model

In all calculations, we used the Born-Oppenheimer static surface (BOSS) model?.
For reasons that we mentioned earlier in our introduction, this approximation
is good enough to describe the reaction of Hy on a metal surface. We neglect
the degrees of freedom of the surface atoms and only the Hy degrees of freedom
(6D) are taken into account. Fig. 2.2a depicts the coordinate system used for
the dynamics and Fig. 2.2b the surface unit cell for the Ni(111) system and the
high symmetry impact sites.

2.2.2 Construction of the PES

For the full (6D) PES construction, self-consistent DFT was used, applying
the candidate SRP functionals listed in table 2.1 to try and obtain chemical
accuracy. The main idea of SRP-DFT as first proposed by Diaz et al.? is that
the exchange-correlation (XC) functional is adapted to the system at hand by
optimizing the a parameter in Eq. (2.1)

Fxc = aFBko+ (1 — a)E%g. (2.1)

Here, By and E% are two "standard" (i.e GGA level) XC functionals, of
which one generally tends to overestimate the sticking coefficient, and the second
tends to underestimate the sticking coefficient. Standard XC functionals used for
molecule-surface reactions are the PBE'Y and RPBE*° functionals. Downsides
of the SRP-approach are that the approach is specific to one system, one needs
at least one experimental data set to construct an SRP-DF, and the quality of
this functional depends on the quality of the experiment.
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FIGURE 2.2: (a) Coordinate system used to describe the Hy molecule relative to the

static Ni(111) surface. (b) The surface unit cell and sites considered for the Ni(111)

surface. The origin (X=u=0,Y=v=0,Z=0) of the center of mass coordinates is located in
the surface plane at a top site, i.e., at a surface atom.
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As found to be necessary for CHD3 on Ni(111)*!, CHD3 + Pt(111)4243 Hy +
Pt(111)%5, and Ha on Ru(0001)**, in many cases we take the correlation functional
to describe the van der Waals interaction using the correlation functional of Dion
et al.36(EgdW_D Ty or Lee et al.37(EédW_D F2) " These correlation functionals
have been shown to improve the description of weakly activated dissociation®?
while maintaining the same accuracy®® or improving the accuracy®' for highly
activated dissociation systems. The PBEa=0.57-vdW-DF2 functional is the
SRP-DF for the chemically related Hy + Pt(111) system®, which suggests that
it might also work well for Hy + Ni(111).

The vdW-DF1 and vdW-DF2 correlational functionals are non-empirical,
being based on first principles. With their inclusion, our SRP functional form
becomes

Fxc = aF%x 4+ (1 — a)E% + Ec. (2.2)

In equation (2.2), the contributing exchange functionals Ex and the correlation
functionals F¢ included in the exchange-correlation functionals we used are
specified in Table 2.1.

To solve the Kohn-Sham equations, we used the Quantum Espresso package
(QE)#. In the calculations to construct PESs, we used the spin-polarized
extension of the vdW-DF and vdW-DF?2 correlation functional®” implemented in
QE. Furthermore, we implemented the exchange part of the SRPa-vdW-DF (or
vdW-DF2) functional through the modified version of the LIBXC exchange-
correlation functional library*®. The electron-ion interaction is described by
using the projector augmented wave (PAW) potentials as proposed by Blschl*
from the pseudopotential library®®(version 1.0.0) with the energy cut off for
plane wave expansion corresponding to 50 Ry (1 Ry~13.606 ¢V) with 0.011025
Ry wide Methfessel-Paxton smearing to facilitate the convergence. The Brillouin
zone has been sampled with a 5x5x1 I'-centered grid of k-points. We used a
(3x3) surface unit cell with a total of 36 Ni atoms, with 18 A vacuum separating
the slab from its first periodic image, and a 4 layers slab.

We first optimized the geometric structure of the Ni slab with the Vienna
ab initio simulation package (VASP) package®’92. First, the bulk fcc lattice
constant was determined using a 24x24x24 I'-centered grid of k-points. Next,
slab relaxation calculations were performed using a 24x24x1 I'-centered grid of
k-points and the energy cut off for plane wave expansion corresponding to 400 eV
and 0.1 eV wide Methfessel-Paxton (or Fermi) smearing for convergence. After
having obtained the relaxed slab (see Table S1 of the Supporting Information
(SI) of Ref.?3 for the results of the PBE-vdW-DF2 functional), the convergence
of the molecule-surface interaction energy has been tested with respect to the
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number of metal layers, cell size, the cut-off energy and the k-point sampling by
comparing computed minimum energy barrier heights. The transition state (TS)
geometries have been determined using the dimer method as implemented in the
VASP transition state tools (VTST) package®* 7. In the TS search, the surface
was frozen in the relaxed 0 K geometry of the bare slab. The optimization of
the TS geometries has been stopped once the maximum force on any degree of
freedom was smaller than 5 meV/ A. All the TS geometries have been proven to
be first order saddle points in the molecular coordinate space through frequency
analysis (by checking that one and only one imaginary frequency was found). The
barrier height has been computed as Ej, = E7s-Eqsym; here Epg is the absolute
energy of the transition state geometry and FEqqym is the absolute energy of the
system with the molecule in the gas phase. The gas phase geometry consists
of the optimized molecule placed in the vacuum far from the surface. For our
case, the vacuum distance was 18 A and the gas phase molecule was taken at
9 A from the slab. Note that the TS geometries presented in Section III were
obtained from the PESs fitted to data computed with QE. We ascertained that
the molecule-surface interaction energies calculated with VASP (in convergence
tests) were in good agreement with those computed with QE (used for PES
fitting and dynamics), see Table S2 of the SI of Ref.53.

2.2.3 Interpolation of PES

The PESs were interpolated using the corrugation reducing procedure (CRP)5%8:59,
with the formula

2
VOP(T) = IP(7) + Y VPP () (2.3)
i=1

in which VP is the full 6D PES of the Hy/surface system, 7 is the vector of
coordinates of the Hy molecule with respect to the surface, 1P is the so-called
6D interpolation function of the Hy/surface system, Vf’D is the 3D PES of the
H/surface system and 77 is the vector of coordinates of the ith H atom with
respect to the surface. The 3D atom-surface PES is then written as

2

N
VIP(R) = (7)) + S VIP(R,) (2.4)
j=1

where IED is the 3D interpolation function describing the H/surface system, N
is the number of surface atoms taken into account, VP is the 1D functional
mimicking the interaction of the H atom with a single surface atom and R,; is
the distance between H atom 4 and surface atom j.
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The idea behind the CRP is to interpolate the I°P instead of V0P, as 1P
is much less corrugated in the u, v, 6 and ¢ degrees of freedom than VP is
The (u,v) coordinate system is a coordinate system in which the surface lattice
vectors are taken as unit vectors(Fig. 2.2).

For Hy on Ni(111), the skewing angle of the coordinate system is 60°
(Fig. 2.2b). The interpolation procedure used for the Cs, potential of Ho+Ni(111)
is the same as used in Ref.** for Hy on Ru(0001) and for Hy+Cu(111) and
Ho+Pt(111)*. For the interpolation of the I%P potential with C3, symmetry,

29 configurations of (u, v, 0, ¢) are used, spread over six differents sites (u, v).

These sites are shown in Fig. 2.2b. The configurations used in this work are

exactly the same as used in Ref.*4, see also Tables S3 and S4 of the SI of Ref.**.

The interpolation is done in several steps: First, for every configuration,
the interpolation is performed over the r and Z degree of freedom. For this
interpolation, a 15 x 26 (r x Z) grid is used, employing a two-dimensional (2D)
cubic spline interpolation, where r,,;, = 0.4 A, Tmaz = 2.3 A, Zmin = 0.25 A
and Zpmes = 6.5 A. Then, for every site, the interpolation is performed over
the 6 and ¢ degrees of freedom using symmetry-adapted products sin and cos
functions. Finally, an interpolation over v and v is performed, for which again
symmetry-adapted products sin and cos functions are used. At long-range, we
apply a switching function between 5.5 A and 6.5 A from the full 6D potential to
a 2D asymtotic gas-surface potential that only depends on r and Z, because far
away from the surface, the corrugation and anisotropy of the PES are vanishingly
small. This asymtotic potential is represented by

V2P(r, 2) = VOUZ) + VES(r) (2.5)

where Ve is a function describing the dependence of the PES on Z beyond Z —
6.5 A and V& is the interaction at Z = Zimaz = 9 A. For the 3P interpolation,
10 sites in (u,v) are used for the potentials with Cs5, symmetry. The 10 sites
used in this work are exactly the same as used in Ref.*4. Apart from the top site
where 202 points are taken in Z, for each site 106 points are taken in Z, with
Zomin = -1.195 A and Zmaz = 9 A. The function VP is taken to describe the
interaction of the H atom with the surface above the top site, as used previously
for the investigation of Hy+Cu(111)%.

2.2.4 Dynamics Methods
2.2.4.A Quasi-classical Dynamics

We take into account the zero-point energy of Hs to compute the dynamical
observables by using the QCT method®’. To evaluate the initial state-resolved

58
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reaction probabilities, we placed our molecule initially at Z = 9 A with a velocity
normal toward the surface that corresponds to a specific initial incidence energy.
At this distance, the interaction of the molecule with the surface is essentially
zero. For each average beam translational energy, accurate results were obtained
with typically 40,000 trajectories. In all cases, the maximum propagation time
is 2 ps. To propagate our equation of motions, the Stoer and Bulirsh®! method
was used. The time-independent Schrédinger equation was solved using the
Fourier grid Hamiltonian method®? to determine the bound state rotational-
vibrational eigenvalues of gas phase Hs. The bond distance and the vibrational
velocity of the molecule are randomly sampled from a one-dimensional quasi-
classical dynamics calculation of a vibrating Ho molecule for the corresponding
rovibrational energy%. The orientation of the molecule, # and ¢, is chosen
also based on the selection of the initial rotational state. The magnitude of
the classical initial angular momentum is fixed by L = /j(j 4+ 1)/h and its
orientation, while constrained by cos ©r, = m;/+/j(j + 1), is otherwise randomly
chosen as described by Wijzenbroek et al.*®> . Here, j is the rotational quantum
number, m; the magnetic rotational quantum number and Oy, the angle between
the angular momentum vector and the surface normal. Other initial conditions
are randomly chosen as described in Ref.%3.

2.2.4.B Quantum Dynamics

The time-dependent wave packet (TDWP) method was used®® for the quantum
dynamical (QD) calculations. The Fourier representation®® was used to represent
the wave packet in Z, r, X, and Y. We employed a finite basis representation
to represent the angular wave function%-57. The time-dependent Schrédinger
equation was propagated using the split operator method®®. The initial wave
packet is taken as a product of a Gaussian wave packet describing the motion of
the molecule towards the surface, a plane wave function for motion parallel to
the surface, and a rovibrational wave function to describe the initial vibrational
and rotational state of the molecule. The scattering amplitude formalism% 7" is
used to analyse the reflected wave packet at Z = Z,. Z is a value of Z (9 A)
where there is no interaction between the molecule and the surface. An optical
potential is used to absorb the reacted(r) or scattered(Z) wave packet for large
values of r and Z™2. For full details of the method and equations, see Ref.™.
The parameters used in this work are given in Table S5 of the SI of Ref.?3.
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2.2.5 Computation of the Observables
2.2.5.A Degeneracy-Averaged reaction probabilities

In our QCT calculation of the reaction probabilities, we considered our molecule
dissociated when its H-H distance becomes greater than 2.0 A. Otherwise, the
Hs molecule is considered to be reflected from the surface to the gas phase when
its distance to the surface in Z exceeds 6.5 A and Hs has a velocity toward the
vacuum. The reaction probability was calculated as the ratio of the number of
dissociated trajectories, using the formula

Pr = Nr/Ntotal (2'6)

where Nigta1 is the total number of trajectories and IV, is the number of reactive
trajectories. The degeneracy-averaged reaction probability for a particular initial
vibrational state v and rotational state j can be computed as

J

Pacg(Ei;v,5) = Y (2= 6, ) Pe(Eizv, j,my) /(2 + 1). (2.7)

Here, P, is the fully initial-state-resolved reaction probability. P can be computed
with the TDWP method from

P.(Ei;v,5,m;) =1— Z Picat(Eisv, jymi — V', §, m;,n,m) (2.8)

YA /
v 7m]'7n7m

Pycat are the state-to-state scattering probabilities from the initial state (v, j,m;)
to the final state (v, j',m/;, n,m), where n and m are the quantum numbers for
diffraction.

2.2.5.B Molecular Beam sticking probabilities

When calculating the sticking probabilities using a molecular beam simulation,

the properties of the experimental molecular beam should be taken into account.

This is done in two steps : Firstly, the monoenergetic reaction probabilities
Rivono(E;, Tyy) are computed through Bolzmann averaging over all rovibrational
states populated in the molecular beam with the nozzle temperature T, at the
collision energy F;*° :

Rmono EuT ZFB 14 ]7 Pdeg(EwV ]) (2'9)
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Here Fp is the Bolzmann weight of each (v, j) state.

’LU(])F(V,], TH)

FB(ija T, ) = .
' ZV/,j'Ej(mon) F(Vlmyla Tn)

(2.10)

in which
F(V) j) Tn) - (27 + 1) exp(_Evib(V)j))/kBTvib)

X eXp(_Erot(ij))/kBTrot) (2'11>

In equation (2.10), the summation runs only over the values of j* with
the same parity as j. In equation (2.11) E,; and E, are the vibrational and
rotational energy, respectively, of the (v, j) state and kp is the Bolzmann constant.
In these equations, it is assumed that the rotational temperature of the molecules
in the beam is lower than the nozzle temperature (Tyo; = 0.8 T,,)7*™ and that
the vibrational temperature is equal to the nozzle temperature (Ty;, = 1y). We
also assume that the fractions of ortho- and para-Hs and Dy are equivalent to
those in the high-temperature limit, given by w(j). For H2, w(j) is equal to 4
for even j and i for odd j, and for D2, w(j) is equal to 5 2 for even j and 1 for
odd j.

Secondly, the experimental spread of incidence energies is taken into account.
The monoenergetic reaction probability is averaged over the velocity distribution
by76

fO vl, n mono(Ei; Tn)dvi
Rbeam -
Jo f

2.12
'Uza dvz ( )

Here, f(vs;Ty) is the flux-weighted velocity distribution, which is given by ™"

f(vi; Tp) = Cv? exp[—(v; — v0)?/a?] (2.13)

In equation (2.13), C is a constant, v; is the velocity of the molecule, vy is
the stream velocity, and « is a parameter describing the width of the velocity
distribution. The vy and « used in our calculations (Table 2.2) where obtained
by fitting the experimental time of flight (TOF) spectra’™ characterising Ho
beams used in the Rendulic group to the function

G(t; Ty) = 1 + covyf exp[—(v; — v9)%/a?] (2.14)

using the Levenberg-Marquardt algorithme™
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TABLE 2.2: Parameters used for the molecular beam simulations of Hy on Ni(111).

The parameters were obtained from fits of equation (2.14) to the experimental time of

flight spectra™. Also presented is the Bolzmann population of the (v = 0,5 = 0) state
of H5 in the beam.

Tn(K) <E;>(eV) c1 co X 10~ 19 vo(m/s) a(m/s) F

B
(v=0,j=0,Tn)
100 0.035 0.021 0.753 1,832.40 82.31 0.24788
300 0.067 0.009 0.238 2,496.08 239.45 0.15560
500 0.122 0.023 8.069 3,127.77 740.22 0.09853
800 0.153 0.023 5.570 3,352.75 1,005.88 0.06291
1100 0.216 0.041 3.120 3,679.94 1,464.91 0.04589
1400 0.303 0.018 2.172 3,650.40 2,237.06 0.03575
1700 0.392 0.016 57.918 3,320.96 2,998.75 0.02891

2.3 Results and Discussion

2.3.1 Potential Energy Surfaces

Fig. 2.3 shows, for some selected high symmetry configurations, two-dimensional
(2D) cuts through the PESs (also called elbow plots) for the PBE-vdW2 and
for the PBE functionals. In all cases, Ho was oriented parallel to surface. In
agreement with the previous work on Hy on Ru(0001)**, the barrier height
decreases in the order hcp/fece>bridge>t2h/t2f>top (see Table 2.3). The hcp
barrier was found to be slightly lower than the fcc barrier. With the PBE-vdW2
functional, the dissociation is activated, in the sense that the transition states
have as energies 24 meV and 135 meV for the early barrier and late barrier,
respectively, above the top site (Fig. 2.3(a)). With PBE, the dissociation is
very weakly activated with the energies of 11 meV for the early and -180 meV
for the late barrier (Table 2.3). Non-activated behaviour was observed for the
PBEa0.57-vdW2 functional (see Table S6 of the SI of Ref.?3) with energies of
-50 meV and -27 meV for the early and late top site barriers, respectively. For
the other functionals, the dissociation was found to be activated (see Table S6
of the ST of Ref.?3).

From Fig. 2.3, we can also see that, for the PBE-vdW2 functional, the top and
t2f symmetry configurations present two saddle points, with a local minimum in
between (Figs. 2.3a and 2.3d). This notable feature is general for all functionals
except for the PBE, the SRP48 functional and for SRPB86R-vdW2 where the
PES was found to exhibit only one saddle point for the t2f configuration (see
Table S6 of the SI of Ref.>® and Fig. 2.3h). Differences were found with respect
to the relative energies of the early and late barriers present in 2D cuts above
the top and t2f impact sites. Note that, when using the PBEa functional®® with
a being the adjustable parameter, if &« = 1, the PBE« functional corresponds to
the PBE!? functional, while for o« — oo, the PBE« functional corresponds to the
RPBE® functional. For PBEa-vdW2 and SRPa-vdW1 (vdW2), the late barrier
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TABLE 2.3: Some selected barrier heights (in €V) and locations (r3,7Z;) (in A), relative
to the gas phase minimum, for the four geometries depicted in Fig. 2.3 and for hcp.
Where available, energy barriers have been indicated for the PBE-vdW2 and PBE
funtionals. All geometries are for the Hy molecule lying parallel to the surface (8 = 90°).

Parameters  top(early) top(late) brg  hep fcc  t2f(early) t2f(late)

@ 0° 0° 90°  30° 0° 2400 240"
ZPBE=vAWZ 9 083 1.368  1.602 1.519 1.508  1.747 1.304
ZrPE 2.349 1.372  1.838 1741 1731  2.034 -
rp BE-vaW2 0.763 1240  0.810 0.843 0.847  0.790 1.021
r{BE 0.763 1222 0.794 0811 0.812  0.777 -
EPPE-vAWZ 0,024 0.135 0321 0412 0427  0.174 0.162
EPBE 0.011 -0.180  0.179 0.248 0.257  0.089 -

for the top symmetry configuration was found to be higher than the early top
site barrier, in contrast with the SRP48, PBE and SRPB86R-vdW2 functionals
where the opposite was found (See Table S6 of the SI of Ref.?3). The latter 3
functionals also correspond to the functionals for which only an early barrier is
found on the t2f site.

To gain a deeper understanding of the PESs’ features, we also consider here
the energetic corrugation, as was done previously?® in an investigation of Hy on
Ru(0001). The energetic corrugation is defined as the difference between the
hep(6 = 90°, o = 30Y) barrier height and the earlier top site (6 = 90°, ¢ = 0°)
barrier height. The energetic corrugation corresponds to the width of the reaction
probability curve for an activated dissociation system?*8!. It usually corresponds
to the range of energies over which the reaction probability increases more or
less linearly from an onset energy that is close to the reaction threshold to an
energy at which the reaction probability starts to plateau®*. Fig. 2.4A plots the
energetic corrugation against the top site barrier height and Fig. 2.4B depicts the
variation of the early barrier height above the top site against the distance to the
surface of this early barrier. For the most part, we observe a linear dependence
for functionals with the same correlation functional, as seen for PBEa-vdW2,
where the corrugation energetic increases with the o parameter. Specifically,
the functionals with higher top barrier heights tend to yield a larger energetic
corrugation if they have the same correlation functional. This is the case for the
SRPa-vdW2 functionals. The early top site barriers tend to be closer to the
surface if van der Waals correlation is used (Fig. 2.4B), and, more generally, the
barriers get closer to the surface if PBE correlation is replaced by vdW2 (see
Table 2.3) or vdW1 correlation. This is why functionals yielding similar early
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FIGURE 2.3: Elbow plots (i.e: V(Z,r)) of Hy on Ni(111) for four high symmetry

configurations with Hy parallel to the surface (6=90°) computed with PBE-vdW2[(a),

(b), (c) and (d)] and PBE|(e), (f), (g) and (h)] functionals and interpolated with CRP

method, for the top(p=0°), bridge(x=90°), fcc(p=0°7) and t2f(¢=120°) configurations
shown in the insets. Saddle points are indicated by red circles.
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top site minimum barriers tend to yield a larger energetic corrugation if they
incorporate van der Waals correlation instead of PBE correlation, as also seen in
Fig. 2.4A and previously found for Ho + Ru(0001). Increasing the a-parameter
makes the functionals more repulsive, leading to early barriers that are further
from the surface. The trends observed in Fig. 2.4 were previously found for Hg
on Ru(0001)%.

2.3.2 Comparison to experiment

In Fig. 2.5, the sticking probabilities (Sp) computed with molecular beam
simulations for Hy dissociating on Ni(111) are shown for all functionals used,
and compared with the experiments of Rendulic et al.2®. From panel (a), we see
that the Sp computed with PBE!? are in reasonable agreement with the sticking
coefficients computed in fully classical simulations with PW913334 by Kresse.
Differences may be attributed to the different simulation methods used, small
differences in the functionals (but note that the PBE functional was designed to
reproduce PW91 energies closely!?), and differences in the input parameters to
the DFT calculations. For instance, Kresse performed fully classical simulations,
choosing the rovibrational energies according to incidence energy, while we
performed QCT simulations with averaging over the beam’s translational energy
distribution and rovibrational state populations.

The PBE!! functional overestimates the sticking probability. This clearly
indicates that the highest top site barrier found for the PBE PES (11 meV) is too
low. On the other hand, the SRP50-vdW2(RPBE:PBE(50:50)vdW2) functional
consistently underestimates the measured Sg. This clearly suggests that the
barriers in this PES are too high. Results for the SRP32-vdW2 functional closely
resemble those of the SRP50-vdW2 functional and are therefore not shown
in Fig. 2.5. If we replace the vdW2 correlation from SRP50-vdW2 by PBE
correlation and slightly change the a parameter (SRP48), both the reaction
threshold and the width of the sticking probability curve change. The reaction
probability is underestimated for E; < 0.2 eV and overestimated for E; > 0.2 eV.
If on the other hand we only change the exchange part to a mixture of BS6R?® and
RPBE® exchange while keeping vdW2 correlation (B86R:RPBE(68:32)vdW2),
we obtain a sticking probability curve that is very similar to the one obtained with
SRP48. Neither the SRP48 nor the B86r:RPBE(68:32)-vdW2 functional yield
good agreement with experiment. Both functionals containing PBE correlation
(PBE and SRP48) yield sticking curves that are too steep at the onset to yield
good agreement with experiment at the onset of the experimental sticking curves.

As Fig. 2.5(b) shows, the PBEa = 0.57-vdW2 functional also leads to
a consistently overestimated sticking probability. The extrapolation of the
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FIGURE 2.4: (A) Energetic corrugation of the potential versus the barrier height
associated with the early top site barrier for the constructed PESs for the functionals
investigated. (B) Height of the early top to bridge barrier versus the distance of the
surface of the early top to bridge barrier for the constructed PESs for the functionals
investigated. Results obtained with functionals sharing the same correlation functional
are shown with the same colour. Results obtained with functionals using a similar
expression for the exchange functional in Eq. 2.2 are shown with the same symbol (i.e.,
blue vdW2, green vdW1, red PBE for correlation; square mix PBE:RPBE;, circle PBEq,

cross mix B86R:RPBE for exchange).
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computed reaction probability curve to lower incidence energies yields a positive
intercept, in agreement with our finding that with this functional reaction is
non-activated above the top site, but in disagreement with experiment. The
results show that the PBEa = 0.57-vdW2 functional is not transferable from Hsg
+ Pt(111)% to Hy + Ni(111).

With the PBE-vdW2( PBE« = 1.0-vdW2) PES, excellent agreement with
experiment is achieved at the lowest incidence energies (up to 0.2 V), but the
computed Sy are too high in the higher energy range (0.2-0.4 eV). Nevertheless
it is encouraging that the agreement is good for the incidence energy range for
which good agreement was found in the experiments of Rendulic et al.?®, Resch
et al.??, and of Hayward and Taylor?”. In particular, we note that replacing
PBE correlation with vdW2 correlation in the PBE functional (thus obtaining
PBE-vdW2) leads to a sticking curve that has not only the correct onset, but also
the correct shape (steepness) for incidence energies up to about 0.2 €V. A similar
finding was previously obtained for Hy + Ru(0001)%4. From Fig. 2.5(b), we can
also see how the computed Sy curve depends on the o parameter when using
PBE«a exchange and vdW2 correlation. The Sy curve shifts to higher E; when

the a parameter increases, but the shape of the Sy curve is basically unchanged.

With the PBE«a = 1.25-vdW2 functional, the computed Sy are too low for E; up
to 0.25 eV and too high for E; > 0.3 e¢V. Finally, the RPBE:PBE(50:50)vdW1
(SRP50-vdW1) functional also gives reasonable agreement with experiment, with
the computed Sg being rather similar to those obtained with the PBE-vdW2
functional. These two functionals were also found to give good agreement with
one another and with experiment for the weakly activated dissociation of Hs
on Ru(0001)%.As also found for this system, the PBE-vdW2 and SRP50-vdW1
functionals yield a similar minimum barrier height and energetic corrugation
(Fig. 2.4A). If we put emphasis on the comparison to the experimental data of
Rendulic et al.?® for energies up to 0.2 eV, the PBE-vdW2 functional is best,
followed closely by the SRP50-vdW1 functional.

Having arrived at our verdict on which functional is most accurate when
comparing to the results of Rendulic et al.?®, we now perform a more extensive
comparison with available experiments to arrive at a verdict on the quality of the
PBE-vdW?2 functional for describing Hy + Ni(111). In Fig. 2.6 we compare our
computed Sy for this functional to experimental Sy for normal and off-normal
incidence obtained by Rendulic et al.?® and to experimental Sy for normal
incidence obtained by Resch et al.?? . As was the case for the normal incidence
results obtained by Rendulic et al. (Fig. 2.6b), their results for off-normal

incidence (Fig. 2.6¢) start to deviate from the computed Sy for E; > 0.2 V.

As the Sgp measured by Rendulic et al. obeyed normal energy scaling, this can
be taken to suggest that the discrepancies between the PBE-vdW2 theory and
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experiment at E; > 0.2 eV could be due to differences between the translational
energy distributions used in the experiments and in the simulations, a point we
will come back to below.

For normal incidence the Sy computed with PBE-vdW2 are in better agree-
ment with the results of Resch et al. (Fig. 2.6a) than with those of Rendulic et
al. (Fig. 2.6b). Both experimental data sets were obtained in the same group
(of Rendulic). Assuming the results obtained later to be the most accurate, we
will therefore base our verdict on the quality of the PBE-vdW2 functional on
the comparison in Fig. 2.6a. We do this in the usual way'*!%82 by computing
the mean absolute deviation (MAD) between theory and experiment, which
is computed as the average of the absolute difference in incidence energy be-
tween the experimental Sy and the theoretical sticking probability curve spline
interpolated to that value of Sy (some examples of incidence energy differences
are shown in Fig. 2.6). The MAD values and also values of the mean signed
difference (MSD) are reported in Table 2.4. As can be seen, the MAD value for
the comparison with the normal incidence data of Resch et al. is 26 meV (0.60
kcal/mol), i.e., lower than 1 kcal/mol. Therefore, from this point of view the
PBE-vdW2 functional is a candidate SRP density functional for Hy + Ni(111).
This statement comes with the following three caveats: (i) Our only criterion for
taking the experimental dataset from normal incidence by Resch et al. as the
reference data set has been that these data were obtained later in time and in
the same group as the data of Rendulic et al., (ii) when the comparison is made
with the normal incidence data of Rendulic et al., we do arrive at an MAD value
(1.42 kcal/mol) greater than 1 kcal/mol, and (iii) for a candidate SRP-DF to be
called a true SRP-DF it should also describe an experiment on Hy + Ni(111) to
which it was not fitted with chemical accuracy. Here, the experiment of Rendulic
et al. for § = 40° does not count, one reason being that it is not independent
from the normal incident experiment the PBE-vdW2 functional was fitted to
(because normal and off-normal incidence results are related by normal energy
scaling?®).

For the PBE-vdW2 functional to be called an SRP-DF, we think two things
should happen: (i) new and well-defined experiments should be carried out on
sticking of Hy to Ni(111) for E; > 0.2 €V to clear up the energy dependence
of sticking at larger incidence energies, and (ii) the quality of the PBE-vdW2
functional should be confirmed through a successful comparison with another
experiment probing the Ho-Ni(111) interaction. Our present results do suggest
that the PBE-vdW2 functional describes the minimum barrier region of the
PES accurately. In the next section we will discuss possible explanations of the
discrepancies that remain between the PBE-vdW2 theory and the experiments
for E; > 0.2 eV.
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TABLE 2.4: MAD and MSD values characterizing the agreement between the Sg
computed with the PBE-vdW2 functional and measured in experiments.

Experiment MAD (kcal/mol) MSD (kcal/mol)
Resch et al.??, § = 0° 0.60 0.60
Rendulic et al.?®, § = 0° 1.42 1.34
Rendulic et al.?®, § = 40° 0.90 0.37

2.3.3 Causes for the discrepancies between theory and experi-
ment

Chapter

To understand the discrepancy between the experiments and the best theoretical
(PBE-vdW2) results at the highest energies mentioned above, we discuss four
potential sources of error:(i) errors in the experiments; (ii) errors in the simulation
of the experiments due to assuming wrong translational energy distributions or
nozzle temperatures; (iii) errors in the dynamical model or dynamics method
used, and (iv) errors in the PES used.

As we mentioned earlier in our introduction, many sets of experimental data
have been published on sticking of Ho+Ni(111). The sets of measurements from
Rendulic et al.?®, Resch et al.?? and Hayward and Taylor?” are in reasonable
agreement with one another for low incidence energies, and the discrepancies
between the first two experiments for incidence energies > 0.2 eV may point to
problems with the experiments at these energies (Fig. 2.1). As can be seen from
the normal incidence results in Figs. 2.6a and 2.6b, at the higher energies better
agreement is obtained of the PBE-vdW2 results with the set of Sg published later
by the Rendulic group (in 1993, by Resch et al.). Again assuming the results
obtained later in time to be more accurate, this might be taken to suggest that
the Sp measured by Rendulic et al. were too low for E; > 0.2 eV. This might
be related to the translational energy distributions of the beam, as suggested
by the observation that our computed Sy for PBE-vdW2 are also too high for
off-normal incidence with E; > 0.2 eV when comparing to the data of Rendulic
et al. (Fig. 2.6¢).

In Fig. 2.7, we have also plotted the Sy measured by Resch et al.?? for
adsorption of Hy on Ni(111) covered by 0.02ML potassium. It is clear that
at incidence energies > 0.25 eV, the experimental Sy from Resch et al.?” for
the potassium covered surface reproduce those from Rendulic et al.?® for the
clean surface. As already pointed out, the experimental data from Resch et
al.? for the clean Ni(111) surface reproduce our PBE-vdW2 results rather
well, except for one point at 0.33 eV. While it may be tempting to attribute the
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FIGURE 2.6: Sticking probability for moleculars beams of Hy dissociating on Ni(111)
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discrepancies of the Sg computed with PBE-vdW2 with the data of Rendulic et al.
to contamination of their nickle sample with K in the experiments by Rendulic et
al.?8, assuming a nickle surface covered by 0.02 ML K would lead to deteroriated
agreement between the computed Sg and the Sy which would be measured for
the covered surface for E; < 0.2 eV. This suggests that contamination with K in
the experiments is not the cause of the discrepancies we try to explain.

We now come to the second point, i.e, possible errors in the simulations of
the molecular beam conditions. For neither set of measurements (Refs.?®%?), the
beam conditions have been published. Calculations on Ha+Cu(111)* have shown
that the knowledge of the nozzle temperature and parameters characterising
the translational energy distribution of the Hy beam is essential for accurately
simulating highly activated reactive scattering of Hy from metal surfaces. In the
absence of specified beam data, and as discussed above, in computing the Sg
discussed so far we have assumed that the beam parameters for Ho+Ni(111) were
the same as those used in other experiments of this group, and obtainable from
the Ph.D. thesis of Berger’®. To investigate the sensitivity of the computed Sg
to the beam parameters, we also tested the beam parameters characterising pure
Hy beams from Rettner et al.” published in Refs.»®3, which are characteristic of
beams with a much narrower energy distribution?. As seen in Fig. 2.7, relative
to the Sg computed with the Berger beam parameters, the Sg computed with the
parameters due to Rettner and Auerbach and co-workers are higher for E; > 0.25
eV. If anything, this suggests that the discrepancy with experiment is not due
to simulating beams that are too narrow; rather, the experimental beams might
have been broader in incidence energy than the Berger beams we simulated. An
alternative explanation for the experimental Sy being too low at large E; is that
the data collection time was too large in the King and Wells measurements to
determine Sy, so that the measured Sg no longer was equal to the initial sticking
coefficient, but reflected sticking on an H-precovered surface.

We now turn to point (iii), the question of whether the dynamical method and
the model used in our calculations might be responsible for the discrepancies with
the experiment at higher incidence energies. We start by evaluating the quality
of the QCT method for molecular beam simulations of the sticking probability.
Quantum dynamical calculations have been carried out on Ho+Ni(111) reaction
for normal incidence of Hs in some selected initial rovibrational states. In Fig. 2.8,
the degeneracy averaged initial state-resolved reaction probability obtained from
QCT calculations is compared to QD results for v = 0,7 =0; v = 0,5 = 1
and v = 0,5 = 2, for the PBE-vdW2 functional. It is clear that, especially
at the lowest energies, some oscillations are present in the QD results. These
oscillations may be explained by the fact that the Hs molecule has extra time
to tunnel through the barrier when trapped in a metastable state leading to
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dissociation at the corresponding energies®®. Our finding that the oscillations
are most pronounced for the (v = 0,5 = 0) state suggests that the trapping
leading to the oscillations might be due to the population of excited librational
(i.e., hindered rotational) states at the surface.

The agreement between QCT and QD is found to be excellent for the higher
rotational states, i.e., for (v = 0,5 = 1) and for (v = 0,5 = 2). For (v =0,j = 0),
the QCT reaction probabilities underestimate the QD results for several incidence
energies. However, we expect the effect on the sticking probability to be small.
As Fig. 2.8d shows, most of the difference between the QD and QCT sticking
probability would already disappear if the beam simulation were to be performed
for cold n-Hy (2577 = 0 Hy + 75/j = 1 Ha). For most nozzle temperatures
(incidence energies), the weight of j = 0 Hs in the beam should actually be much
lower than 0.25, as shown in Table 2.2, and this is especially true for E; > 0.2 eV.
Therefore, and because the QCT and the QD results are in good agreement for
7 > 0, the discrepancies between theory and experiment for E; > 0.2 eV should
not be due to using the QCT method to compute Sp.

We next turn to the limitations of the dynamical model. In our calculations
with the BOSS model, we have neglected the effects of electron-hole pair exci-
tation. However, calculations® on the similar Hy + Ru(0001) system suggest
that the effect of electron-hole pair excitation on the sticking coefficient should
be minor. We have also neglected the effect of the surface phonons. Again,
calculations®® on Hy sticking to Pd(110) and Pd(111) suggest that, at incidence
energies > 0.2 eV where the dissociation mechanism on these surfaces becomes
activated, the effect of allowing surface atom motion should become negligible.
In summary, it is unlikely that the discrepancy between the present theory and
the experiments of the Rendulic group is due to the use of the BOSS model in
our calculations.

Finally, we come to point (iv), i.e., how PES features might have led to
discrepancies between the molecular beam simulation results and the measured
sticking coefficients. We first note that the two functionals that gave the best
agreement with experiment (PBE-vdW2 and SRP50-vdW1) have a similar
minimum barrier height and energetic corrugation. Based on the agreement
with experiment we obtained with the PBE-vdW2 functional (see Fig. 2.6), we
suggest that the minimum barrier height predicted by the PBE-vdW2 functional
is accurate. The comparison with the results of Resch et al. at higher incidence
energies suggests that the energetic corrugation of the PES may have been
underestimated, assuming the results of Resch et al. to be correct. However,
the theory correctly predicted the Sy measured by Resch et al. up to about 0.3
eV. This suggests that the heights of the barriers at the bridge and hcp and
fce hollow sites computed with PBE-vdW2 may have been to small. If this
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would indeed be true, the Hy + Ni(111) system would be the first example of
an He + metal surface system for which the energetic corrugation of the PES
is underestimated even when using a functional incorporating van der Waals
correlation. For example, the PBE-vdW2 and SRP50-vdW1 functionals gave
excellent results for the similar weakly activated Hy + Ru(0001) reaction*?.

2.4 Conclusions

In this chapter we take a first step to develop a SRP-DF for Hy on Ni(111), also
investigating if the SRP-DF derived previously for Hy+Pt(111) is transferable
to the system investigated. To address these questions, 6D PESs have been
constructed for the dissociation of Ho+Ni(111) using nine different exchange-
correlation functionals. The PESs calculated were then interpolated using the
CRP method. To compare with experimentally measured sticking probabili-
ties, quasi-classical trajectory and quantum dynamics calculations have been
performed using the BOSS model.

The functionals investigated yield a wide range of barrier heights and barrier
positions. The functionals containing van der Waals correlation yield barriers
that are closer to the surface and exhibit a larger energetic corrugation than
functionals containing PBE correlation, as previously also found for the related
Hy + Ru(0001) early barrier system.

The PBE-vdW2 and RPBE:PBE(50:50)vdW1 functionals describe the stick-
ing experiments performed by the Rendulic group quite well, with PBE-vdW?2
giving the best results. From the comparison with the most recent molecular
beam experiments performed by the Rendulic group, we conclude that PBE-
vdW2 can be considered to be a candidate SRP-DF for Hy + Ni(111). However,
the PBEa=0.57-vdW2 functional, which is a SRP-DF for Hy on Pt(111) is not
a SRP-DF for Hy + Ni(111), even though Ni and Pt belong to the same group.

The PBE-vdW2 sticking probabilities are not yet in good agreement with
the most recent experiments of the Rendulic group?® for incidence energies >
0.3 eV. Also, for incidence energies greater than 0.2 eV the Sy published in an
earlier paper of the Rendulic group deviated from the Sy the group published
4 years later. For incidence energies > 0.25 eV we found that Sy starts to
exhibit a considerable dependence on the beam conditions, so that some of the
discrepancies noted could be due to different beam parameters characterizing the
experimental beams and the beams simulated in the calculations. Other possible
causes of error in the experiments have also been discussed. We consider it
unlikely that the discrepancies between theory and experiment are due to using
an incorrect dynamical model (BOSS) or dynamics method (QCT). In particular,
except perhaps for v = 0,5 = 0 initial-state resolved reaction probabilities
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computed with QCT were in good agreement with QD results, so that QCT
should give accurate results for sticking. However, it is possible that the PBE-
vdW2 functional yields barriers for dissociation over the bridge and hollow sites
that are too low. To resolve this and other questions, we advocate that new
and well-defined (with respect to velocity distributions and nozzle temperatures
of the beams used) experiments are performed on sticking of Hy to Ni(111) for
incidence energies > (0.2 eV.
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Abstract

Accurate barriers for rate controlling elementary reactions on metal surfaces
are key to understanding, controlling, and predicting the rate of heterogeneously
catalyzed processes. While barrier heights for gas phase reactions have been
extensively benchmarked, dissociative chemisorption barriers for the reactions of
molecules on metal surfaces have received much less attention. A first database
called SBH10 and containing 10 entries was recently constructed based on the
specific reaction parameter approach to density functional theory (SRP-DFT)
and more appropriate semi-empirical approaches. We have now constructed a
new and improved database (SBH17) containing 17 entries based on SRP-DFT
and more appropriate semi-empirical approaches. For this new SBH17 benchmark
study, we have tested three algorithms (high, medium, and light) for calculating
barrier heights for dissociative chemisorption on metals, which we have named
for the amount of computational effort involved in their use. We test the
performance of 14 density functionals at the generalized gradient approximation
(GGA), GGA+vdW-DF and meta-GGA rungs. Our results show that, in contrast
with the previous SBH10 study where the BEEF-vdW-DF2 functional seemed
to be most accurate, the work horse functional PBE and the MS2 density

functional are the most accurate of the GGA and meta-GGA functionals tested.

Of the GGA+vdW functionals tested, the SRP32-vdW-DF1 functional is the
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most accurate. Additionally we found that the medium algorithm is accurate
enough for assessing the performance of the density functionals tested, while it
avoids geometry optimizations of minimum barrier geometries for each density
functional tested. The medium algorithm does require metal lattice constants
and interlayer distances that are optimized separately for each functional. While
these are avoided in the light algorithm, this algorithm is found not to give a
reliable description of functional performance. The combination of relative ease
of use and demonstrated reliability of the medium algorithm will likely pave the
way for incorporation of the SBH17 database in larger databases used for testing
new density functionals and electronic structure methods.

3.1 Introduction

Heterogeneous catalyzed processes are of large importance to the chemical
industry!, well-known examples of such processes being ammonia synthesis? and
steam reforming®. In heterogeneously catalyzed processes on metal surfaces, the
steps with a high degree of rate control often involve the dissociative chemisorp-
tion (DC, the process whereby the interaction of a molecule with a surface
leads to the breaking of a bond in the molecule and the formation of two new
bonds of the molecular fragments to the surface) of a molecule on the surface®".
Understanding how heterogeneous catalysis works is of huge importance. Our
ability to understand the different mechanisms underlying DC on metal surfaces
could benefit significantly from the availability of an accurate database for barrier
heights of elementary molecule-metal surface reactions. Just like chemisorp-
tion energies of (intermediate) reactants and products, accurate barriers for
rate controlling elementary reactions are key to understanding, controlling, and
predicting the rate of overall heterogeneously catalyzed processes® .

Ideally, accurate barrier heights could be extracted directly from detailed
systematic experiments. However, it is not possible to measure barrier heights
for DC directly. An observable that can be measured experimentally and that is
strongly related to the barrier height for DC is the sticking probability (Sg)*°.
The best way to access barrier heights using theory is through a theoretical
approach in which potential energy surfaces (PESs) are computed and used
in dynamics calculations to evaluate Sy as a function of average incidence
energy'?. Comparison with experimental So'%'* will then allow one to evaluate
the accuracy of the electronic structure method used to compute the PES for
the calculated barrier height!?. Only when experimental data are reproduced
within chemical accuracy (i.e., with errors smaller than 1 kcal/mol''?) to a
sufficiently large extent, a claim can be made that the computed barrier height
is of high accuracy.
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For adsorption bond energies to transition metal surfaces, a database con-
taining 39 entries for use with DF'T benchmarking studies has recently been
constructed!®. This database, subsets of it'%!7, and a slightly extended version'®
of it, have been used in several benchmark DFT studies!® 2!, and a considerably
extended database containing 81 entries also exists??. Barrier heights for gas
phase reaction have been extensively benchmarked?* 2. However, barriers for
DC on metal surfaces have been mapped out to a much smaller extent'?, and
have been little used for benchmark calculations. For many gas phase reactions,
it has been possible to use the very accurate CCSD(T)?" electronic structure
method to compute reference values. On the other hand, for molecule-metal
surface reactions, until very recently only semi-local density functional theory
(DFT)?® could be used, which is much less accurate. As result, it is not yet known
how large the errors in barriers for molecule-metal surface reactions are when
using standard exchange-correlation (XC) functionals. For reactions occurring in
the gas phase, it is well known that the density functionals (DFs) at the second
rung on Jacob’s ladder?®?° (GGA level®’3!) underestimate barrier heights as
a consequence of self-interaction errors?*32. An idea of the performance of
semi-local functionals on gas phase reaction barriers can be obtained from their
performance on the BH206 database®?, tests showing that application of the
best performing MN12-L33 and N1234 non-separable meta-GGA and GGA DFs
resulted in root mean square deviations of 4.3 and 7.1 kcal /mol, respectively. To
overcome this potential problem of the XC functional for molecule-metal surface
reactions, the SRP-DFT method3%3% (which uses weighted averages of two XC
functionals) has been adopted for such reactions!!. This semi-empirical (SE)
method has allowed prediction of barrier heights to within chemical accuracy (1
kcal /mol) for specific systems!C.

Some theoretical studies have been carried out recently in attempts to build
databases of barrier heights for molecule-metal surface reactions. The first
database (CatApp3738) was built based on DFT calculations using only one
functional (RPBE??). More recently, a first attempt was made to construct a
database of molecule-metal surface reaction barriers for benchmarking purposes?.
This database, called SHB10, contained 6 entries based on SRP-DFT and 4 entries
based on more ad-hoc SE procedures. The SBH10 database was used®’ to test the
performance of one DF consisting of GGA exchange and non-local correlation
(BEEF-vdW-DF26)| one meta-GGA (MS2%!), and one screened hybrid DF
(HSE06%?). A surprising conclusion was that BEEF-vdW-DF2 performed the
best.

With more than 30 000 papers published annually*®, DFT arguably is the
most important electronic structure method for dealing with complex systems.
It is therefore important to develop a large enough database that allows testing
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the method on barrier heights for molecule-metal surface reactions. As discussed
below, accurate SRP-DFT barriers for DC are now available for 14 molecule-
metal surface reactions, allowing the former database to be extended with 7
systems if additional results from three more ad-hoc procedures are included as
before. In the present chapter, we therefore develop a new and larger database
for benchmarking (SBH17), which contains benchmark results for 17 systems.
We now also test a much larger number of DFs on this larger database, i.e.,
3 GGA-type DFs, 4 meta-GGA DFs, and 7 DFs containing GGA exchange
and non-local correlation. In performing these tests, we also take an improved
approach over that taken in the previous paper?’, in which the metal surface
was allowed to relax in response to the incoming molecule while computing the
barrier height. This approach is flawed in that the metal surface atoms have too
little time to respond to the motion of the incoming molecule in the hypersonic
molecular beam experiments employed to perform sticking experiments, which
are used in the SE procedure to construct SRP DFs!0.

In performing the tests of the 14 DFs to be discussed below, three different
algorithms will be used to compute barrier heights. These algorithms differ in the
computational effort that may be required to compute metal lattice constants and
metal slabs that have interlayer distances simulating metal surfaces interacting
with the vacuum, and to locate the transition state geometry for a specific
functional. These three algorithms will be compared among each other for their
performance. A new database for molecule-metal surface reaction barriers is of
course more likely to be used if it meets the following two demands, which may
conflict with one another. When used in testing new functionals or electronic
structure methods in general, the algorithm should be as easy and straightforward
to use, and require as little computational effort, as possible. At the same time,
the algorithm should also still yield reliable results regarding how functionals or
new methods perform, because otherwise it would not be useful.

The outline of our chapter is as follows: In Section 3.2, the methods used
are explained, beginning with the DFs tested in Section 3.2.1. The description
of the SE procedures used to obtain reference values of barrier heights, and the
motivation of the use of SRP-DFT are presented in Section 3.2.2, the choice
of the reference values is clearly explained in Section 3.2.3, and the details of
the algorithms used are described is Section 3.2.4. Computational details are
presented in Section 3.2.5. The results are presented in Section 3.3, beginning
with the structure of the metals in Section 3.3.1 while Section 3.3.2 presents
the DC barriers. The discussion is provided in Section 3.4. The description of
the metals with the DFs tested is discussed in Section 3.4.1. The description
of the barrier heights to DC is discussed in Section 3.4.2. In this Section, the
performance of the algorithms is discussed in Section 3.4.2.A. Subsequently, the
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TABLE 3.1: XC functionals tested in this work, and how their exchange and correlation
parts are chosen. The type 'GGA-vdW’ means that GGA exchange is combined with
vdW-DF1** or vdW-DF2*® correlation..

Name Type Exchange Correlation
1 PBE GGA PBE®C PBE®C
2 RPBE GGA RPBE®? PBES3C
3 SRP50 GGA 0.50RPBE?° +0.50PBE3C PBE?3C
4 vdW-DF1 GGA+vdW revPBE*® vdW-DF144
5 vdW-DF2 GGA+vdW rPW864” vdW-DF24°
6 PBE-vdW-DF2 GGA+vdW PBE3 vdW-DF2%°
7 SRP32-vdW-DF1 GGA+4vdW  0.32RPBE?®Y40.68PBE3" vdW-DF1%4
8 PBEa57-vdW-DF2  GGA+vdW PBEa = 0.5748 vdW-DF24°
9 BEEF-vdW-DF2 GGA+vdW BEEF!®  BvdwW-DF216:45
10  optPBE-vdW-DF1 GGA-vdW optPBE*? vdW-DF144
11 revTPSS meta-GGA revTPSS0 revTPSS0
12 SCAN meta-GGA SCAN®! SCAN®!
13 MS-B86b1°? meta-GGA MS-B86bl revTPSS%0
14  MS2 meta-GGA Ms24! Ms24!

performance of the DFs using the medium algorithm for SBH17 is discussed in
Section 3.4.2.B. The dependence of the performance for the barrier heights on
the type of system is discussed in 3.4.2.C. The comparison with results for the
previous SBH10 database is provided in Section 3.4.2.D. Section 3.4.3 provides a
comparison of how the DFs tested perform on the SBH17 database for DC barriers
(kinetics) to how they perform for molecular chemisorption (thermochemistry),
and to how they perform for gas phase kinetics and thermochemistry. A discussion
on future improvements is given in Section 3.4.4. Finally, the conclusions and
outlook are given in Section 3.5.

3.2 Methods

3.2.1 Density functionals tested

The DFs that we have tested on reaction barriers for DC on metal surfaces, as
present in our new database discussed below, are listed in Table 3.1. Of these
XC DFs, three fall in the GGA?® category, seven consist of GGA exchange?® and
vdW-DF1* or vdW-DF2% Rutgers-Chalmers type non-local correlation, and
four fall within the meta-GGA?® category. Here, we will only briefly describe
the DFs tested; for details we refer to the original papers.

In the GGA, which is at the second rung of "Jacob’s ladder"?®2?, use is
made of the density and its gradient. As discussed by Perdew?®, at the GGA
level a constraint based DF can be made to satisfy a subset of constraints,
but not all known constraints. For applications to surface reaction dynamics,
to some extent the constraint based PBE and RPBE DFs selected here may
considered to be "at extremes", with PBE? often underpredicting and RPBE??
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often overpredicting reaction barrier heights according to conventional wisdom!".
The PBE DF? is often considered to be a "workhorse" GGA DF, in a sense
that it describes a range of properties of molecules and materials with a fair
accuracy. The PBE DF was designed®® to replace the PW91°% DF, yielding
similar results while employing a mathematical framework superior to that of
PWO91. The RPBE DF is mainly used for molecule-metal surface interactions,
and was introduced to correct for the overbinding observed for adsorption of
small atoms and molecules to metal surfaces® as obtained with the PBE DF.
In addition to RPBE and PBE we also test a 50/50 % mixture of these DFs,
which is called SRP50 here. The choice of this DF stems from the similar
48/52 % RPBE/PBE mixture providing a chemically accurate description of
the well-studied Ho+Cu(111) system (see also below). We only test 3 GGA DFs
here because they suffer from a fundamental drawback: optimizing GGA DFs
for their performance of adsorption energies of molecules to metal surfaces goes
at the cost of an accurate description of the metal surface itself>®?. It has been
argued that this problem can be solved with GGA DFs of which the XC DF is
non-separable in an exchange and a correlation part®*, but we do not test such
DFs here.

Like the meta-GGA DFs discussed below, GGA DFs are not capable of a
reasonably accurate description of the van der Waals interaction. For this reason,
and because we are dealing with metals, we have tested seven DFs consisting of
GGA exchange and non-local correlation functionals, for which we use either one
of two Rutgers-Chalmers correlation functionals, which we call vdW-DF1%* and
vdW-DF2% | respectively. These van der Waals DFs were originally designed
to be a part of a non-empirical XC DF where the exchange DF was somehow
matched to the specific correlation DF%44% and these non-empirical XC DFs,
which are both tested here, are simply called vdW-DF1 and vdW-DF2 here. The
vdW-DF2 correlation DF has also been incorporated in the so-called BEEF-vdW
DF (here called BEEF-vdW-DF2) also tested here, which was semi-empirically
fitted to adsorption energies on transition metal surfaces, gas phase reaction
barriers, and other properties'®. The optPBE-vdW-DF1 functional is an example
of a DF in which the vdW-DF1 correlation functional has been combined with a
semi-empirically adjusted exchange DF, in this case to obtain good interactions
of weakly interacting dimers?”. Finally, the PBE-vdW-DF2, SRP32-vdW-DF1,
and PBEa57-vdW-DF2 are combinations of GGA exchange DFs and vdW-DF1
or vdW-DF2 correlation DFs designed to describe particular DC systems with
chemical accuracy, i.e., Hy + Ru(0001)¢, CHy + Ni(111)!3) and Hy + Pt(111)%7,
respectively. These DFs are more fully described in Table 3.1. We note that for
all of the DFs incorporating vdW-DF1 or vdW-DF2 discussed here except BEEF-

vdW-DF2, the full correlation functional can be written as the sum of correlation



3.2. Methods 75

from the local density approximation (LDA) and a non-local functional, which is
the non-local part of the vdW-DF1%* or vdW-DF2% DF. For BEEF-vdW-DF2,
the full correlation functional is written as a weighted average of the LDA and
the semi-local PBE correlation functional (with the sum of the weights equal to
1)'6 plus the non-local part of vdW-DF2*. To emphasize this difference, the
correlation DF of BEEF-vdW-DF?2 is represented by the acronym BvdW-DF2
in Table 3.1.

In the meta-GGA, which is at the third rung of "Jacob’s ladder"?®2? ad-
ditional use is made of the kinetic energy density, which is equivalent to the
Laplacian of the electron density. Of these, the revTPSS DF?Y was designed to
be the workhorse counterpart of the GGA PBE DF. The SCAN DF was designed
to enforce all known physical constraints on the DF®! (this can be done at the
meta-GGA level but not at the GGA level®!). The MS2 functional has two
semi-empirically fitted parameters in it, and was designed with the specific aim
of accurately describing both metals and molecules*!. Finally, the MS-B86bl
DF has been shown to accurately describe the earlier mentioned Hy + Cu(111)
system, and its design®® should ensure reasonable accuracy for any system in
which Hy interacts with a metal surface. Again, details on the composition of
these XC DFs may be found in Table 3.1.

In hybrid DFs, which are at the fourth rung of Jacob’s ladder?®??, a fraction
of the semi-local exchange in the exchange part of the XC functional is replaced
by exact exchange. Screened exact exchange DFs (in which the exact exchange
component is switched off at large electron-electron distances) have been used in
a few instances in studies of a specific DC system (see e.g. Ref.”®). However,
their use is computationally expensive, and a screened hybrid DF was only used
to study 4 of the 10 systems addressed in the SBH10 paper?®. For this reason,
and because their use will be more appropriate once systems are addressed for
which electron transfer from the surface to the molecule is likely®®, we will not
test such functionals here.

In rung 5 functionals®®?? virtual orbitals are added in addition to exact
exchange. The random phase approximation (RPA)*?762 is a well known example
of such functionals. The RPA has been used in one specific study of reaction
barriers in a DC molecule-metal surface system that we know of%?, and in a limited
number of benchmark studies of molecular adsorption on metal surfaces'”6%.
However, its use is even more computationally expensive than that of hybrid
functionals. For this reason, we have not tested the RPA, nor have we tested
any other rung 5 DFs.
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3.2.2 Semi-empirical approaches to obtaining reference values
of barrier heights

In determining reference values for barrier heights of gas phase reactions for use
in databases, theorists have often benefited from the availability of electronic
structure methods and associated algorithms delivering reaction barrier heights
with chemical accuracy. For instance, barriers for the NHBTH38 database (a
database for 38 non-hydrogen atom transfer reactions) were obtained with an
algorithm in which results obtained with the highly accurate CCSD(T)?” method
were extrapolated to the basis set limit%. In the construction of the HBTH38
database theorists likewise relied on barrier heights obtained from high level
ab initio electronic structure methods, although in this case the ab initio results
were also compared to experiment to extract best guesses (i.e., reference values)
of barrier heights%6:67.

As already noted in the introduction, the situation is quite different in the
field of reaction dynamics on metal surfaces. In this field semi-local density
functionals are routinely applied to DC reactions occurring on metal surfaces.
However, the results are semi-quantitative at best, as one might expect from the
performance of these functionals on gas phase reactions'%-?%:68:69 In attempts to
do better, the first principles diffusion Monte-Carlo (DMC) method has been
used to compute barrier heights for e.g. No + Cu(111)™ and for Ha+ Mg(0001)™,
Cu(111)™, and Al(110)73. The results for Hy + Cu(111)™ suggested that DMC
can deliver near chemical accuracy for barrier heights for DC on transition
metal surfaces (accuracy better than 2 kcal/mol), in line with results for the
HBTH38 and NHBTH38 gas phase reaction barrier databases!?:™7 However,
chemical accuracy was not yet achieved for this benchmark reaction, and DMC
calculations are computationally expensive. Embedded correlated wave function
(ECW) calculations based on multi-reference perturbation theory embedded in
DFT provided near chemical accuracy for a DC reaction on a simple metal surface
(O2 + Al(111)75). However, the computational expense of such calculations is
presently too high for molecules interacting with transition metals (TMs), as
calculations”” on Hy + Cu(111) suggest. Zhao et al. made a positive assessment
of their ECW method on the basis of the comparison of the emb-CASPT?2 barrier
height for DC of Hy on Cu(111) (0.15 eV)"" with an "experimental" value’
from the literature (0.05 eV). However, this value was extracted through an
invalid extrapolation procedure (over temperature, to 0 K, see fig.15 of Ref.”®)
in an analysis that was at best approximate for higher temperatures, and was
originally meant to make contact with kinetics experiments™®. The best value of
the Hy + Cu(111) barrier height is however 0.63 eV, and not 0.05 eV.

As argued in most detail in Ref.!? (to which we refer for these details) accurate
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reaction barriers heights for DC reactions on metals are therefore best determined
through a SE approach. This approach is best based on supersonic molecular
beam experiments that probe the reactivity on the ideal surface, whereas rate
measurements usually probe the reaction at (often unknown) defects™%% making
the latter experiments less useful for benchmarking purposes!®®!. The basic
idea of the SE SRP-DFT approach used to extract reference barrier heights is to
adjust a DF until appropriate dynamics calculations on the basis of that DF yield
agreement with measured DC probabilities. The correctness of this procedure
can be argued!” on the basis of the so-called hole model®?, which essentially
states that computed reaction probabilities will be correct if the potential energy
surface (and the minimum barrier height extracted from it) is correct. We deem
the approach to deliver chemical accuracy because numerous instances have
now shown that with appropriate dynamics methods and models measured DC
probability curves can be reproduced to within energy shifts less than 1 keal /mol
on the basis of appropriately constructed functionals. Essentially the spirit of the
method is not so different from the approach taken to originally construct the
HTBH38 gas phase reaction barrier database, which also combined theoretical
and experimental information%-67. We also recall that in any case a reaction
barrier height is not an observable. The procedure to validate a computed barrier
height through comparison with an experiment must necessarily take recourse to
the use of a measured observable that is as closely related to the barrier height
as possible.

The SE SRP-DFT approach discussed above is used for most reactions in the
SBH17 database (i.e., for 14 out of 17 cases). With this approach, an appropriate
dynamical method and model was used to model supersonic molecular beam
experiments in all but one case (CH4 + Ni(211), see below)!?. This means, for
instance, that all (or all relevant) molecular degrees of freedom were usually
modeled in dynamics calculations. We will discuss the SRP-DFT electronic
structure method used for these cases in Section 3.2.2.A below. In the earlier
SBH10 database®’, four systems were introduced for which reference values were

derived using experiments and their analysis by a more primitive SE approach.
These analyses were carried out before 2009, when SRP-DFT became available!!.

Reference values for three of these systems in our present SBH17 database
were inherited from the earlier SBH10 database, which we will briefly discuss
in Section 3.2.2.B below. (For one of the four systems (CH4+Ni(211), called
"CH4/Ni(111) step’ in Ref.*?, accurate results are now available and we have
moved this system to the SRP-DFT part of the database.) As will also be
discussed below, it would be good if the reference values for these three systems
be replaced in future by more accurate values from for instance SRP-DFT. For
each system in the SBH17 database Section 3.2.3 describes what the specific
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reference value used for the system is, and how it was derived.

3.2.2.A The specific reaction parameter approach to density func-
tional theory (SRP-DFT)

The SRP-DFT method as introduced is a SE method, and was originally applied
to reactions in the gas and condensed phases by Truhlar and co-workers®:3.
SRP-DFT was first applied to DC on a metal surface by Diaz et al''. They
used an implementation in which the SRP-DF is a weighted average of two
GGA DFs according to a mixing parameter . Changing the mixing parameter
"tunes" the functional to reproduce Sp, which is strongly correlated with the
minimum barrier height. In the most straighforward approach, a GGA XC DF
that underestimates and one that overestimates the barrier height is used:

ESRP-DFT _ ypGGA-DF1 | (| _ 4 pGGA-DF?2 (3.1)

Standard GGA DFs often used for mixing in applications to molecule-metal
surface reactions are the RPBE?’ and PBE?" functionals discussed in Section
3.2.1. For weakly activated Ha-metal and for CHg-metal systems, the correlation
part of the SRP-DF is best substituted by the van der Waals non-local correlation
functional of Dion et al** (vdW-DF1) or of Lee et al*> (vdW-DF2), changing
equation 3.1 to become:

E;?CRP_DFT _ wESGA_DFl + (1 _ m)E)(G’GA—DFQ + ngn—local' (32)

In equation 3.2, the mixing parameter only tunes the exchange part of the
XC DF in the SRP-DF. Instead of a weighted average of two XC or exchange
DFs, one can also use an inherently tunable DF, such as the PBE«a exchange
DF, in which « can be adjusted. Using non-local correlation, the equation for
the SRP-DF then becomes:

EfCRPfDFT _ E)I:BEa + E?onflocal. (33)

As originally defined, a DF is only considered to be a SRP-DF if after
fitting x it not only reproduces a particular sticking experiment with chemical
accuracy, but also reproduces another experiment on the same system with
comparable accuracy!!. In contrast, if a parameterized DF only reproduces
the sticking experiment it was fitted to, it was originally called a candidate
SRP-DF!. Here we drop this distinction and refer to both categories of DFs as
SRP-DFs. Additionally, the SRP-DF can be considered to be transferable if it can
reproduce experimental results for a system it was not fitted to®3. For example,
in some cases, the SRP-DF fitted to reproduce molecular beam dissociation



3.2. Methods 79

chemisorption experiments for Ho and Dy were shown to be transferable among
systems in which Hy interacts with different crystal faces of the same metal®* %6,
One downside of the SE SRP-DFT approach to DC of the molecules on the
metal surfaces used so far, in which semi-local exchange DFs are used, is that
successful applications of this approach have only been demonstrated to systems
for which the difference of the metal work function (WF) and the molecule’s
electron affinity (EA) is larger than 7 eV. The SRP-DF approach has allowed the
construction of chemically accurate barriers for 14 systems'®® with (WF-EA) >
7 eV, as shown in Table 3.2 and now discussed further below.

The supersonic molecular beam experiments referred to above need to be
modeled with an appropriate dynamical method (e.g., quasi-classical or quantum
dynamics) and dynamical model. Here, the latter refers to whether or not all
molecular degrees of freedom, the motion of the surface atoms, and electron-hole
pair (ehp) excitation are considered'’. Because dynamics rather than transition
state theory is used, and because the surface atoms usually do not have time
to respond to the incoming molecule, it makes most sense to tabulate "classical
reaction barrier heights". By this we mean barrier heights arising directly from
electronic structure calculations without corrections for zero-point energies (zpes)
and entropy effects, for the molecule interacting with the "ideal" surface, i.e.,
with the surface atoms sitting in their equilibrium lattice positions for a classical 0
K surface. The SRP-DFT barriers reported below all are classical barrier heights
computed with a SRP-DF or with a PES based on SRP-DFT calculations.

3.2.2.B Ad hoc semi-empirical approaches

As noted above, for three systems (CHs + Ni(100), CH4 + Ru(0001), and Ny +
Ru(1010)) reference values were taken from the paper on the SBH10 database,
and these were extracted using a more primitive SE approach than used in
SRP-DFT. As will be detailed below in Section 3.2.3, reduced dimensionality
modeling of supersonic molecular beam sticking experiments was used to derive
a minimum barrier height for CHy + Ni(100). Thermal Sy measured for No
dissociating on Ru(0001) were fitted to an Arrhenius type equation to derive
an activation energy for DC at defects, which were considered to be the steps
occurring in Ru(1010). Finally, an activation energy for CHy dissociation on
Ru(0001) was derived from associative desorption experiments as described
below, invoking detailed balance. Even though activation energies were derived
for Ny and CHy dissociation on Ru(1010) and Ru(0001), respectively, we felt that
the approaches used were too crude to attempt extracting classical minimum
barrier heights for these systems by subtracting zpe corrections using known
approximate values®?. Instead we simply use the semi-empirically extracted
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TABLE 3.2: Summary of the SBH17 database. Barrier heights (in €V) and the most
important co-ordinates defining the barrier geometry are presented. The "site" defines
the projection of the molecule’s center-of-mass position on the surface, r;, (in A) the
length of the dissociating bond, and Z; (in A) the distance of the molecule’s center-
of-mass to the surface. The molecule’s orientation is defined by the polar angles of
orientation () of the diatomic molecule, or partly defined by the (6,¢) pair of angles
giving the polar angle of the breaking CH-bond and the umbrella axis the remaining
methyl fragment makes with the surface normal, respectively. Barrier heights obtained
from PESs used in the dynamics are marked with an asterisk (). For some CH,+metal
systems the barrier height is also given without residual correction (in brackets, see the

text).

N System functional site T Zy, 6 e/B Ey

1 Ho+Cu(111)17 SRP43 brg 1.03 1.16 90 90 0.628

2 Hy+Cu(100)5% SRP43 brg 1.23 1.0054 90 90 0.740

3 Hy+Cu(110)%7 optPBE-vdW-DF1 | short-brg 1.20 0.89 64 90 0.789

4 Ho+Pt(111)°7 PBEa57-vdW-DF2 | top(early) | 0.769 | 2.202 90 0 -0.008*

5 Hy+Pt(211)%% PBEa57-vdW-DF2 top 0.75 2.79 90 90 -0.083*

6 Hs+Ru(0001)°% PBE-vdW-DF2 top(early) | 0.751 2.605 90 0 0.004%

7 H,+Ni(111) PBE-vdW-DF2 top(early) | 0.763 | 2.083 90 0 0.024*

8 Hy+Ag(111)%° MS-PBEL-rVV10 brg 1.224 1.157 90 0 1.082%

9 N +Ru(0001)5%9 RPBE brg 1.741 1.318 84 30 1.840

10 N3 +Ru(1010)79:79 experiment 0.40

11 | CH4+Ni(111)™3 SRP32-vdW-DF1 top 1.606 | 2.176 135.7 | 164.7 | 1.015 (1.055)
12 CHéﬁLNi(lOO)91 experiment 0.76

13 | CH4+Ni(211)72 SRP32-vdW-DF1 top 1.632 | 2.033 126.0 0.699

14 | CHy+Pt(111)%° SRP32-vdW-DF1 top 1.56 2.28 133.4 | 168.3 | 0.815 (0.856)
15 | CHy+Pt(211)1% SRP32-vdW-DF1 top 1.53 2.27 133 168 0.559 (0.581)
16 | CHy+Ir(111)% SRP32-vdW-DF1 top 0.836

17 CH,4+Ru(0001)7% experiment 0.80

activation energies as reference values for the minimum barrier heights for these
two systems.

3.2.3 The SBH17 database

The systems that constitute our SBH17 benchmark database of barrier heights
for DC on transition metal surfaces are listed in Table 3.2. This table contains
reference barrier heights and data concerning the barrier geometries for 17
systems. The bulk of the data come from SRP-DFT, such that 14 entries in
Table 3.2 may also be viewed as constituting a database that can be named
SBH14/SRP. Three entries in Table 3.2 come from more ad-hoc SE approaches,
as also discussed in the original SBH10 paper??. In this Section we justify our
choice of the reference values of the barrier height and our reference geometries,
which is important to do especially in cases where conflicting data exists. Note
that barrier heights obtained from SRP-DFT are given in eV using 3 significant
digits behind the decimal place (i.e., expressed in meV), even though the accuracy
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claimed for these numbers is only one kcal/mol ~ 43 meV. This claim is based
on the energy shift between the sticking probabilities that were measured and
computed on the basis of the SRP DF yielding the minimum barrier height
being smaller than 1 kcal/mol'®!!, as more fully discussed in Section 3.2.2.
In expressing berrier heights like this, we follow a rather common practice in
computational chemistry, as this will allow other researchers to check whether
they can reproduce our numbers. The barrier heights extracted using more ad-
hoc approaches (Section 3.2.2.B) have been stated with the amount of significant
digits used originally by the scientists providing these benchmark results, and
the errors in these reference values may well be larger than 1 kcal/mol. Finally,
we note that the average value of the absolute barrier heights of SBH17 is 14.8
kcal /mol.

3.2.3.A Dissociative chemisorption of Hy on transition metals
H; on Cu(111), Cu(100) and Cu(110)

The DC of Hy on copper surfaces perhaps represents the most widely studied
class of DC systems by both theory! 18879597 and experiment 97101 Being
activated systems, in the absence of strong effects of ehp excitation and energy
transfer involving phonons'®? on reactive scattering they represent perfects
systems for benchmarking electronic structure methods for their capability to
accurately predict barriers.

H, + Cu(111)

The first system for which a SRP-DF was derived for DC on a metal surface
was Hy on Cu(111)!!) and the first SRP-DF for this system (SRP43) was a
weighted average of the PW91%3 (57%) and the RPBE? (43%) DF. With the
PES developed with this SRP-DF and using the BOSS model quasi-classical
trajectory and time-dependent wave packet calculations reproduced measured
molecular beam Sy for Ho and Ds, initial-state selected reaction probabilities
for Hy"®%9 | and data for rotationally inelastic scattering!®® to within chemical
accuracy. Density functional molecular dynamics (DFMD) calculations with
the subsequently developed SRP48-DF!'9 (48% RPBE?’ and 52% PBE?) also
accurately reproduced measured!?® rotational quadrupole alignment parameters
AE)Z)(J ), and enabled a chemically accurate description of initial-state selected
reaction probabilities of Do on Cu(111), after an appropriate re-analysis of the
experimental data®. Recent studies®”1% using optPBE-vdW-DF1 exchange
combined with non-local vdW-DF1 correlation (re-parameterized PBE for vdW-
DF1)* also provided a chemically accurate description of Sg for Hy and Do
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on Cu(111). Additionally, three different combinations of GGA exchange DFs
with non-local vdW-DF2 correlation'%® allowed chemically accurate descriptions
of the reaction of He and Dy on Cu(111), and the same was true for three
newly developed meta-GGA DFs2. The barriers reported for the vdW-DF1 and
vdW-DF2 combinations and the new meta-GGA DFs were somewhat different
from the one obtained with the original SRP43 DF (the SRP48 DF was designed
to reproduce the SRP43 energy at the SRP43 barrier geometry!'%?). As reference
for our benchmark database, the SRP43 barrier height (0.628 eV)!! will be used.
While calculations with some of the other mentioned DFs in cases described
the sticking experiments more accurately than SRP48'%4 or SRP43'!, only
calculations with the latter 2 DFs reproduced initial-state selected reaction
probabilities extracted from associative desorption experiments with chemical
accuracy, suggesting that these two DFs should be the DFs best describing
Ha+Cu(111)106.

H, + Cu(100)

Hy on Cu(100) is the second system for which an SRP-DF was demonstrated®.
The SRP-DF(SRP43!!) originally developed for Hy on Cu(111) could also be
used to reproduce the measured Sp”® for Hy on Cu(100) within the BOSS model®.
This also represents an example of the transferability that SRP-DFs may exhibit
for chemically closely related systems'?, in this case systems in which the same
molecule interacts with different low index faces of the same metal. As reference
value for our database we use the value of the barrier height reported for SRP43%
(0.74 eV ).

H, + Cu(110)

In a recent study, effectively a new SRP-DF was demonstrated for Hy + Cu(110)%".
The optPBE-vdW- DF1 was used to develop PESs based on embedded atom
neural network (EANN) fits for Hy on Cu(111), Cu(100) and Cu(110) by Jiang
and coworkers®”. Dynamics calculations employing the resulting PES for Hy +
Cu(110) yield a chemically accurate description of molecular beam sticking exper-
iments on Hy + Cu(110)!°7. The optPBE-vdW-DF1 functional had previously'%®
been shown to yield a chemically accurate description of molecular beam sticking
experiments on Dy on Cu(111)!%. Jiang and co-workers also demonstrated
chemically accurate descriptions of sticking experiments on Hy + Cu(111) and
Cu(100). This therefore represents another example of transferability of SRP-DFs
among chemically related systems'’, where one DF (optPBE-vdW-DF1) can be
used to model sticking of one and the same molecule on several low index faces
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of the same metal. The barrier height reported by Jiang and coworkers for their
PES (0.789 eV)®7 will be used as the reference value for our database.

H; on Pt(111) and Pt(211)
H, + Pt(111)

Hs on Pt(111) is considered as a weakly activated system because of its low
minimum barrier height. Three DFs have been found that describe the sticking of
Dy on Pt(111) with chemical accuracy®”!%6. The SRP-DF first developed for Dy
+ Pt(111) was the PBEa57-vdW-DF2 functional (see Section 3.2.2 and Tables
3.1 and 3.2). With this DF measured!!’ Sy for both normal and off-normal
incidence of Dy were reproduced with chemical accuracy®”. The SRP48!%4 and a
DF consisting of 68% B86r exchange!'! and 32% RPBE exchange’ combined
with vdW-DF2 correlation®> (SRPB861r68-vdW-DF2) also both reproduced the
measured''? Sy for normal incidence with overall chemical accuracy'%®. However,
the PBEab57-vdW-DF2 resulted in the most accurate results near the reaction
threshold®”, suggesting that this DF yields the barrier height with the highest
accuracy'%. Furthermore, recent work has shown that this DF can reproduce
experiments of Dy on chemically related curved Pt crystals with (111) terraces
and (100) steps with chemical accuracy!'?. The barrier height reported for
PBEa57-vdW-DF2 was -0.008 eV. We retain this value as the reference value

(see Table 3.2), even though it was set to 0.0 ¢V in the previous SBH10 database?”.

H, + Pt(211)

The PBEa57-vdW-DF?2 functional developed for He on Pt(111) was also employed
to test transferability to Ha on Pt(211)%4. This SRP-DF also yields®** a chemically
accurate description of experiments on DC of Hs and D9 on the stepped Pt(211)
surface!3. The lowest barrier height found in reduced dimensionality (by finding
saddle points in the reduced 2D spaces formed by the elbow plots in figure 4 of
Ref.3%) was -0.083 eV, and this is the value that we use, along with the "topl
(o = 90°)" geometry defined in Ref.®%.

H, + Ru(0001)

Like Hy + Pt(111), Ha on Ru is a weakly activated system. For this system, two
DFs were found®® to reproduce measured!'* Sy for Hy + Ru(0001) with chemical
accuracy. These DFs were the PBE-vdW-DF2 functional (see Tables 3.1 and 3.2)
and the functional containing 50% PBE?3? and 50% RPBE?’ exchange combined
with vdW-DF1 correlation* (SRP50-vdW-DF1). The barrier height reported
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for both DFs was 0.004 eV. This is the value we use in our database, even though
it was set to 0.0 in the previous SBH10 database?”.

H, + Ni(111)

The DC of Hy on Ni(111) is also weakly activated. Similar to the case of Hy on
Ru(0001), agreement with existing sticking experiments!'!®116 was achieved®® to
within chemical accuracy with dynamics calculations based on the PBE-vdW-DF2
functional (see Tables 3.1 and 3.2 and also Chapter 2). The PBE-vdW-DF2
calculations for Hy + Ni(111) were done with the spin-corrected vdW-DF2
functional''” (spin-vdW-DF2) to take into account the magnetic character of the
Ni(111) surface, whereas for all other considered systems the original non-spin
corrected vdW-DF1 and vdW-DF2 functionals were used. The barrier height
reported is that of the early top site barrier (as also used for Hy + Pt(111) and
Ru(0001)), which is 0.024 eV®. In all VASP calculations we perform here, we
employ the non-spin corrected vdW-DF1 and vdW-DF?2 functionals; however, we
note that earlier calculations suggested little influence of the spin-correction on
the barrier height computed for CH4 + Ni(111) with a functional featuring vdW-
DF1 correlation!®. The barrier height we use as the reference value (obtained
with PBE-spin-vdW-DF2) in our database is 0.024 eV.

H, + Ag(111)

Hy + Ag(111) is a highly activated system, for which molecular beam sticking
experiments were performed by Hodgson and co-workers!'®. Recently it was
shown® that the measurements' 19 can be reproduced with chemical accuracy
using recently developed made-simple meta-GGA exchange DFs?? combined with
rVV10 non-local correlation'?’. Here we use the barrier height obtained with
the functional yielding the best agreement with experiment (MS-PBEL-rVV10)%
as the reference value for our database (1.082 eV).

3.2.3.B N, dissociation on Ru surfaces
N2 + Ru(0001)

Ru is well-known as a catalyst for the Haber-Bosch process used to make
ammonia, which is a raw material for artificial fertilizer'?!. As noted in the
original SBH10 paper®’, for Ny + Ru(0001) barrier heights are available from both
SRP-DFT®%122 and from a direct estimate based on experimental results'?3. The
directly estimated barrier height based on a laser-assisted associative desorption
experiment'?® was 1.8 eV, whereas the calculations based on the RPBE DF
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that were found to give a chemically accurate description®”'?? of the best
experimentally measured So'?4 gave a barrier height of 1.84 eV. Specifically,
computed Sp on the basis of the RPBE DF and a dynamical model in which
energy transfer was allowed to surface atom vibrations and ehp excitation gave
good agreement!?? with the best estimates of measured Sp'?*. Table S1 in the
supporting information (SI) of Ref.!?® presents data concerning the dependence

of the computed barrier height on the pseudo-potentials used for this system.

In the calculations presented here we used for both N- and Ru- atoms a hard
pseudo-potential, i.e Ruy, and Nj. As the reference value for our database, we
will use 1.84 eV, which value was obtained using a hard pseudo-potential for Ru
(Ruyy) but an ordinary pseudo-potential for N(N)® in the DFT calculations

performed to produce the PES underlying the good agreement with experiment.

N, + Ru(1010)

Because of the absence of SRP-DFT data for Ny + Ru(1010), as was done in
the original SBH10 paper?’, we use a reference value of 0.4 €V for the barrier
height. Note that this value actually represents an activation energy obtained
from thermal rate measurements on DC of Ny on Ru(0001)° suggesting that
the barrier height contains zpe corrections. Another presumption implicitly used
in Refs.™% and therefore in Ref.%", is that the activation energy derived from
measurements’ " on (necessarily defected) Ru(0001) should be the same as
the activation energy that would be obtained for Ru(lOiO), i.e., that the steps
occurring on the latter surface have the same promoting effect on the reaction
on Ru(0001) as do the unspecified defects on Ru(0001).

3.2.3.C CH, dissociation on transition metals

The DC of CH4 on metal surfaces is important to industry as it constitutes the
first step in the steam reforming of natural gas, producing CO, which can be
used for alcohol synthesis and for the Fischer-Tropsch process, and hydrogen,
which can be used as a fuel and for ammonia production. The dissociation of
CHy4 on metal surfaces has been the subject of many theoretical'31491793,126 34
experimental studieg!?1494,127-136

CH, + Ni(111)

CHy4 + Ni(111) is the first CH4 on metal system for which a SRP-DF was
derived!®. The generic expression given by Eq. 3.2 was employed, using a weighted
average of the RPBE (32%) and the PBE exchange DFs (68%) combined with
non-local vdW-DF14*. This SRP-DF (SRP32-vdW-DF1!3) was fitted to laser-off
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experiments performed on CHD3 + Ni(111) for Ty = 600 and 650 K using
DFMD calculations. Subsequent DFMD calculations also reproduced measured
So for CH-stretch excited CHD3 on Ni(111) with chemical accuracy. The barrier
height that was computed with an appropriate residual energy correction for the
vacuum distance was 1.015 eV'3 (Table 3.2, see also table S6 of Ref'*). This is
the reference value that should be used for calculations in which CHy is placed
far enough from the surface to obtain a value of the asymptotic energy that
is converged with respect to the vacuum length'(i.e, the value of Eg in table
S6 of Ref!?, see also the discussion in Section 3.1 of the SI to Ref'#). This is
the reference value we use to compare results to that were computed with the
GGA and meta-GGA calculations, as with these DFs the asymptotic energy is
converged with respect to the vacuum length used in our calculations. For the
calculations with vdW-DF1 and vdW-DF2 correlation DFs, we take into account
that a correction has to be applied for the fact that in the present calculations
the vacuum distance was too short (at 13 A), and the molecule too close to the
surface (at 6 A) for these DFs. Instead, for these DFs we use the value of E}3
quoted in table S6 of Ref'? (i.e, 1.055 eV, see Table 3.2).

CH, + Ni(100)

Sticking of CHy4 on Ni(100) has been simulated with quantum dynamics cal-
culations explicitly modeling motion in eight molecular degrees of freedom%®, with
QCT calculations'3” and with reaction path Hamiltonian (RPH) calculations!37-141.
In none of these calculations agreement with existing molecular beam experi-
ments was achieved to within chemical accuracy. Therefore, for this system we
instead use the same reference value of the barrier height as the value quoted
in the previous SBH10 database?®. However, we note that the earlier paper®®
gave an incomplete explanation of how this value (0.76 eV) of the barrier height
was obtained in the paper referenced”?’. The value used refers to the barrier
height employed in calculations”’ with a three-dimensional dynamical model
augmented with the so-called hole model®?, which approximately reproduced
previously measured So'?7. The value quoted for the minimum barrier height
(0.76 eV) is in fact not a minimum barrier height in the model employed in Ref.!,
but rather the barrier height averaged over the impact points on the surface and
the orientations of the dissociating molecule. We will analyze the consequences
of this misinterpretation below, and make a recommendation as to whether and
how this value should be replaced in a future version of the database.
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CH, on Ni(211)

The SRP32-vdW-DF1 developed for CHy on Ni(111) has also been used in
RPH calculations on sticking of CHy + Ni(211)%2. However, molecular beam
sticking experiments are not yet available for this system. A recent study of
Guo and Jackson'?® also reported computed thermal Sy for step and terrace
sites calculated for CHy on Ni(211) with harmonic and anharmonic transition
state theory. It was possible to compare these results to analogous results
extracted from experiments on CHy+Ni(14 13 13)!42) which surface also consists
of (100) steps and (111) terraces, albeit that the terraces are much wider than
on Ni(211). Excellent agreement was obtained for the sticking at the step sites,
suggesting that the SRP-DF for CH4 + Ni(111) should also describe sticking of
methane on Ni surfaces consisting of (111) terraces and (100) steps (like Ni(211))
with chemical accuracy. For our benchmark study, we will use therefore as the
reference value the minimum barrier height reported by Jackson and coworkers
for DC at the steps of Ni(211), which is 0.699 eV.

CH, + Pt(111) and Pt(211)

For the DC of CHy on metals, several cases of transferability were observed.
DFMD calculations with the SRP32-vdW-DF1 functional developed for CHD3
on Ni(111) also reproduced molecular beam sticking experiments on CHD3 +
Pt(111) and Pt(211) with chemical accuracy'?. The barrier heights reported
for these two systems, again including a residual energy correction for the short
vacuum distance and the short distance of the methane to the surface in the
initial state used in the DFMD calculations, are Ej = 0.815 eV and 0.559 eV,
and these are the reference values we use when testing GGA and meta-GGA
DFs!3143 . As for CHy + Ni(111), for our benchmark purposes, when testing DFs
with vdW-DF1 and vdW-DF2 correlation, we will use the values with residual
energy correction (0.856 eV and 0.581 eV respectively) as reported by Migliorini
et al'? (table S6 of Ref'* and table 3 of Ref!43).

CH, + Ir(111)

As was the case for CHy + Ni(211), the SRP32-vdW-DF1 developed for CHy +
Ni(111) has also been used in RPH dynamics calculations on CHy + Ir(111)%3.
The Sy computed with this method for sticking of CH4 in its vibrational
ground state have been compared with values measured in molecular beam
experiments!2130:136  An analysis of how these data compare (see fig.67 of
Ref!?) shows that the RPH dynamics calculations reproduce the measured Sg
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with chemical accuracy. For this system we therefore used the barrier height
reported by Ref.?3, which is 0.836 eV, as the reference value.

CH, + Ru(0001)

As already noted in the SBH10 paper?’, this reference value was extracted from
experiments on laser assisted associative desorption (LAAD)%. Specifically, the
"adiabatic minimum barrier height V*(0)" was extracted from the experiments
by taking temperature dependent values of the highest CH,4 translational energy
observed as a function of the surface temperature (T;), and extrapolating the
maximum translational energy observed to Ty = 0 K. While this gave values
not too different from the V*(0) values extracted in an approximate fashion*
from earlier molecular beam sticking experiments'?® and from earlier DFT
calculations®»14* the method used was approximate. Moreover it is clear from
the paper? that the V*(0) value should be interpreted as an activation energy,
i.e., in DFT it would be the minimum barrier height with zpe corrections added.

3.2.4 Algorithms for computing minimum barrier heights

The minimum barrier height to DC may be computed with DFT as

Eb - ETS - Easym . (34)

Here, Erg is the energy of the system with the molecule at the transition
state (T'S) or minimum barrier geometry, and Eqgym, the energy of the system
with the molecule in its equilibrium gas phase geometry, and far enough from
the surface that molecule and surface no longer interact with each other. This
coincides with an approach that is usually taken to extract barrier heights from
PESs used in dynamics calculations. We also suggest that this approach might
benefit from cancellation of errors, which might not result if the energies of the
reactants (the bare surface and the incoming molecule) are calculated separately,
in calculations that might differ in the size of the supercell and k-points used. In
any case the asymptotic state will somehow have to be represented in the PES
used for the dynamics calculations, so that it makes sense to compute it in the
same manner as the minimum barrier height.

Ideally, these geometries would be known to high accuracy from theory
or experiment. While this is true for the equilibrium geometry of the small
molecules investigated here, and usually also for the structure of the metal
surfaces investigated here, it is not true for the transition state geometries. In
this sense, the field of molecule-metal surface chemistry differs from that of
gas phase chemistry?®> 2%, where transition state geometries of at least small
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systems are often well known from accurate ab initio (CCSD(T)?7) calculations.

When benchmarking electronic structure methods on gas phase systems, the
availability of CCSD(T) geometries carries the advantage with it that only single
point calculations have to be performed, and that geometry optimizations can
be omitted.

This is not the case for calculations on DC on metals. Choices have to be
made regarding several issues. These issues are: (i) how to choose the equilibrium
gas phase geometry of the molecule, (ii) how to choose the geometry of the
molecule in the transition state, and (iii) how to choose the geometry of the metal
surface in the TS and asymptotic geometries. In this work we have tested how
the results depend on different choices regarding these issues. We have tested
this using three algorithms, which we call high, medium, and light according to
the computational effort associated with the algorithms.

3.2.4.A Light Algorithm

Calculations with the light algorithm are least expensive as only single point
calculations are involved. The following choices are made: (i) the experimental
equilibrium geometry of the molecule is used for the asymptotic state, (ii) the T'S
geometry of the molecule relative to that of the surface is taken as the SRP-DFT
geometry of the molecule relative to the metal surface (see Table 3.2), and (iii)
the metal surface is built up by simply using the experimental lattice constant
at 0 K, without relaxation of the interlayer distances in the slab.

3.2.4.B Medium Algorithm

In the case of medium algorithm, for (ii) the same choice is made for the
geometry of the molecule relative to the surface in the system’s TS geometry as
in the light algorithm. However, for (i) and (iii) different choices are made: the
molecule’s equilibrium geometry is now computed on the basis of the DF tested,
and the lattice constant of the metal surface as well as the relaxed interlayer
distances of the metal surface at the interface with the vacuum are now also
optimized separately for each functional tested. This takes into account that
the lattice constant and the relaxed interlayer distances may depend strongly on
the DF tested!®, while in turn the minimum barrier height may depend rather
strongly on the parameters determining the geometry of the metal surface. The
dependence of the minimum barrier height on the geometry of the metal surface
is relevant to DFMD calculations'#%147 as incorrect initial geometries of the
metal may lead to surface strain, which can in turn affect the barrier height to
DC™®. In the medium as well as in the high algorithm below, the geometry of
the metal surface in the TS is taken the same as that in the asymptotic state,
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as the metal surface atoms will usually not have time to respond to the fast
incoming motion of the molecule in the hypersonic molecular beam experiments
to which comparison is made for assessing the accuracy of SRP DFs!?. We note
that for CH4 the molecule’s geometry has only been optimized once, with the
RPBE functional, and the RPBE geometry was used with all other DFs. Table
S2 of the SI of Ref.'?® shows that this leads to errors no greater than 5 meV.

3.2.4.C High Algorithm

The high algorithm differs from the medium algorithm only in that now the
TS geometry of the molecule relative to the surface is determined by geometry
optimization using the dimer method as implemented in the VASP Transition
State Tools (VTST) package'? 152, As stated above, in the TS search process,
the metal surface was kept frozen in its relaxed 0 K geometry. The optimization
of the T'S geometry of the molecule was stopped when the maximum force on any
degree of freedom was smaller than 5 meV/ A. All the TS geometries reported
here have been confirmed to be the first-order saddle points in the molecular
coordinate space by frequency analysis (by checking that one and only one
imaginary frequency was found).

3.2.5 Computational details

All the new calculations presented here are performed using the Vienna ab initio
simulation package!®*1%0 (Vasp5.4.4). The calculations with DFs incorporating
vdW-DF1% or vdW-DF2% correlation have therefore been performed with the
Vasp implementation of these DFs*”, except the calculations with the BEEF-
vdW-DF2 DF!6_ for which the libbeef library!®” was used. Through the way
these DFs were implemented, they all inherit the LDA correlation from the PBE
DF30 which means that the PW92 variant of the LDA correlation'®® is used.
All calculations with vdW-DF1 or vdW-DF2 were performed with the algorithm
due to Roman-Pérez and Soler'®, which speeds up the evaluation of these DFs.
Because of the amount of the calculations that had to be done, the Atomic
Simulation Environment (ASE) was used as a convenient interface package!6%:161.
Typically, the default projected augmented wave (PAW) pseudo-potentials where
used; however, for No+Ru(0001) and N»-Ru(1010) we used hard core pseudo-
potential: Ruy, ( a Z, core pseudo-potential leaving 14 of the electrons of Ru in
its 4p®5s5'4d" configuration to be modeled ) and Nj, (a H, core pseudo-potential
leaving 5 electrons of N in its 2s2p> configuration to be modeled). For all
systems containing a Nt surface, spin polarization has been taken into account.
A complete description of the input parameters (e.g., number of metal layers in
the metal slab, size of the surface unit cell, the plane wave cut-off energy, the
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number of k-points, the vacuum distance, etc.) used in this work can be seen
in Table S3 of the SI of Ref.!?®. In the optimization of the metal slab, for all
systems, we used a 1x1 surface unit cell, kept the bottom layer frozen and the
upper n-1 layers of the metal surface were allowed to relax. For the 3 systems
for which only ad-hoc SE results are available (CH4+Ru(0001), CH4+Ni(100),
and No+Ru(1010)), the geometries we used for the medium and light algorithms
were obtained from the calculations where we used the high algorithm based
on the SRP32-vdW-DF1 for CH4 on metal systems, and on the RPBE DF for
Ny-Ru(1010).

3.3 Results

3.3.1 Structure of the metals

Table 3.3 presents, for all metals in the database, the calculated lattice constants
as computed with all DFs tested, comparing with zpe corrected experimental
values'62163 and also showing the MAE and MSE with respect to the experiment
for each DF. The lowest MAEs are found for the meta-GGA DFs, and the highest
MAEs for the DFs consisting of GGA exchange but vdW-DF1 or vdW-DF2
correlation, with the vdW-DF2 functional exhibiting the poorest performance.
For this property the GGA-DFs are found to be of intermediate accuracy.

Table 3.4 shows, for each DF tested, the computed percentage change of the
distance between the top two layers of the relaxed (111) metal surface relative to
the ideal bulk interlayer distance, for the (111) surfaces relevant to SBH17, also
comparing to the corresponding experimental results. Again, the best results are
found with the meta-GGA DFs. For instance, with the revI'PSS DF, the correct
sign was found for all four metal surfaces for which experimental results are
available. The GGA DFs get the sign wrong for Pt(111), while the functionals
with vdW-DF1 and vdW-DF2 correlation all get the sign wrong for Ag(111).
With the functionals and input parameters used, neither experiment nor other
DFT calculations presented in Table 3.4 are quantitatively reproduced.

3.3.2 Dissociative chemisorption barriers

To give an idea of the size of the error that may arise from the DF and algorithm
used for a particular system, Table 3.5 and Figure 3.1 present the barrier heights
computed for Hy + Cu(111) (the barrier heights for the other systems in the
database and geometries can be found in Tables S4 to S19 and Figures S1 to S16
of the SI of Ref.'2%). With the medium algorithm, three DFs (SRP50, revTPSS,
and MS-B86bl) yield barrier heights close to the SRP reference value of 0.636
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TABLE 3.4: Comparison of computed and measured results characterizing surface

relaxation. The relaxation of the interlayer lattice spacing between the upper two layers

of the surface relative to the bulk value is given in % for all (111) surfaces relevant to

the SBH17 database and for all DFs tested in this work, also comparing to experimental

results (Exp) and other DFT results where available. Values computed in this work are
marked with a "T".

Ag Ir Cu Pt Ni
Exp -2.5%10 -1.0%169 1.1%179 | -0.07%1°9
-0.5%171 -0.7%172
GGA
PBE -0.34F -2.667 -0.267 -0.07T -1.38F
-0.20145 -0.30145 0.90145
-0.30173 0.90173
RPBE 0.387 -2.587 -0.477 -0.057 -0.807
SRP50 -0.047 -2.627 -0.337 -0.067 -1.327
GGAtvdW
vdW-DF1 1.197 -2.377 -0.387 0.00T -1.267
0.10167 -0.20167 1.30167 -1.10%67
vdW-DF2 2.24T -1.997 -1.637 0.317 -1.467
0.50167 0.00167 1.50167 -1.10%67
SRP32-vdW-DF1 0.73T -2.447 -0.207 -0.067 -1.217
PBE-vdW-DF2 0.777 -2.427 -0.137 -0.077 0.667
PBEa57-vdW-DF2 0.51T -2.147 -0.02F -0.107 -1.167
0.00167 -0.40167 -0.80167 -0.80167
BEEF-vdW-DF2 0.54T -2.517 -0.097 0.03T -1.177
meta-GGA
revIPSS -0.867 -2.817 -0.317 0.357 -0.927
SCAN -0.95T -2.70f -0.99T 2.397 -1.57T
-0.40145 -0.40145 2.50145
MS-B86bl -0.737 -2.767 -0.857 1.167 -1.007
-0.50%2 -1.00%2 1.00%2
MS2 -0.547 2,777 -0.947 0.47 -0.967

eVl However, other DFs yield barriers that are far off the mark, with the
largest overestimate (by 0.48 eV) coming from the vdW-DF2 and the largest
underestimate (by 0.28 €V) coming from the SCAN functional.

Table 3.6 shows MAEs and MSEs for all algorithms and DFs. To compare the
results obtained with different algorithms, the average is always taken over the
number of systems for which reliable saddle point geometries could be obtained
with the high algorithm for a given DF. As Table 3.6 shows, with the high
algorithm reliable saddle point geometries were obtained for 16 systems using
the PBE, SRP50, and the MS-B86bl DFs, for 15 systems using the SCAN DF,
and for all 17 systems for all remaining DFs. Table 3.6 shows that in general
the errors obtained with the medium algorithm are close to those obtained with
the high algorithm, which is much more cpu intensive. Interestingly, this was
not true for the majority of the meta-GGA DFs: for these DFs the medium and
high algorithms only give similar results for the revTPSS DF.

Table 3.7 shows the MAEs and MSEs for all DFs tested with averaging over
all 17 systems, using the medium algorithm. With the MSE as accuracy criterion,
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TABLE 3.5: Barrier heights for Hy+Cu(111) (in €V) for all the DFs and algorithms
tested. Values marked with "CRP" come from an accurate fit of the Hy + Cu(111)
PES to DFT data computed with the DF listed'™.

Functional High Light Medium Literature
Algo Algo Algo values
GGA
PBE 0.478 0.488 0.467 0.484(CRP)10
RPBE 0.762 0.819 0.762 0.797(CRP)17%
SRP50 0.618 0.654 0.616 0.636(SRP48) 7%
GGAf+vdW
vdW-DF1 1.026 1.102 1.019 1.004(CRP)T7¥
vdW-DF2 1.144 1.260 1117
PBE-vdW-DF2 0.889 0.952 0.885 0.863(CRP)17%
SRP32-vdW-DF1 0.863 0.926 0.860
PBEa57-vdW-DF2 | 0.736 0.781 0.735 0.72(CRP)17%
BEEF-vdW-DF2 0.928 0.966 0.925
optPBE-vdW-DF1 - - 0.736
meta-GGA

revTPSS 0.667 0.648 0.674 0.605(CRP)17%
SCAN 0.382 0.334 0.354 0.398(CRP)17%
MS-B86bl 0.647 0.619 0.634 0.683(CRP)°?2
MS2 0.378 0.340 0.382

1.4
mmm High-Algo H-Cu(111)

1.21 Med-Algo

1.04 Emm Light-Algo

.
—_ o
g k-] -
0.4+
0.2+
0.0 T T T T
w
2

RPBE

SRP50
revTPSS 4
SCAN 4
MS-B86bl 4
MS2 4

I ———
SRP32-vdW-DF1 A
T ————
BEEF-vdW-DF2 4

vdW-DF1
vdW-DF2 4
PBE-vdW-DF2

PBEa57-vdW-DF2
optPBE-vdW-DF1 4

FI1GURE 3.1: Performance of the DFs and algorithms tested on the DC of Hy on Cu(111).

Computed barrier heights are compared with the reference value for this system, which
is indicated by the horizontal dot-dashed line (see Table 3.2).

the revTPSS meta-GGA comes out as the best for DC barrier heights. The
next three highest-ranked DFs all combine GGA exchange with vdW-DF1 or
vdW-DF?2 correlation, with the optPBE-DF1 showing the best performance. The
PBE DF ranks fifth and is the best performing GGA DF. If the DFs are ranked
according to their performance for the MAE the PBE DF actually performs best,
with SRP32-vdW-DF2 coming out second, and the MS2 meta-GGA DF ranking
third, and thereby outperforming the revI'PSS meta-GGA, which now ranks
ninth.

Table 3.8 shows the performance of the DFs for the smaller and older SBH10
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TABLE 3.6: Performance of the DFs and algorithms tested on the SBH17 database.
Mean absolute errors (MAE) and mean signed errors (MSE, both in e€V) measure
average deviations of the barrier heights computed with each DF and algorithm from
the reference values listed in Table 3.2. N, represents the number of systems that had
to be excluded for specific DFs, and N their numbers (see Table 3.2 and the text).

Nex Functional Type High Med Light N System
Algo Algo Algo missing
MAE MSE MAE MSE MAE MSE
1 PBE GGA 0.116 -0.075 0.106 -0.065 0.148 -0.067 5
0 RPBE GGA 0.230 0.230 0.228 0.228 0.263 0.263
1 SRP50 GGA 0.126 0.081 0.127 0.085 0.161 0.102 5
0 vdW-DF1 GGA+vdW 0.230 0.230 0.220 0.220 0.297 0.297
0 vdW-DF2 GGA+vdW 0.329 0.329 0.311 0.311 0.461 0.461
0 optPBE-vdW-DF1 GGA+vdW - - 0.131 -0.033 - -
0 PBEa57-vdW-DF2 GGA+vdW 0.139 -0.053 0.124 -0.040 0.135 -0.002
0 SRP32-vdW-DF1 GGA+vdW 0.127 0.060 0.115 0.057 0.170 0.119
0 PBE-vdW-DF2 GGA-+vdW 0.144 0.109 0.141 0.112 0.191 0.166
0 BEEF-vdW-DF2 GGA+vdW 0.190 0.190 0.191 0.191 0.228 0.222
2 SCAN meta-GGA 0.185 -0.172 0.154 -0.120 0.249 -0.242 5,7
0 revTPSS meta-GGA 0.147 -0.060 0.146 -0.025 0.165 -0.105
0 MS2 meta-GGA 0.196 -0.176 0.117 -0.074 0.173 -0.149
1 MS-B86bl meta-GGA 0.173 0.157 0.214 0.199 0.191 0.133 5
[ Average | [ 0179 ] 0.065 [ 0.166 | 0.075 [ 0.218 [ 0.092
Chapter

™




3.3. Results 97

TABLE 3.7: Performance of the DFs tested on the SBH17 database using the medium

algorithm. The MAE and MSE (in €V) are computed with averaging over all 17 systems.

The values of rypyap and ry9p) rank the DFs according to best performance for the
MAE and |MSE]| error criteria, respectively.

Functional Med Algo
MAE TMAE MSE TIMSE|
PBE 0.103 1 -0.058 5
RPBE 0.228 13 0.228 13
SRP50 0.125 5 0.085 7
vdW-DF1 0.219 12 0.219 12
vdW-DF2 0.312 14 0.312 14
PBE-vdW-DF2 0.141 8 0.112 9
SRP32-vdW-DF1 0.115 2 0.057 4
PBEa57-vdW-DF2 0.124 4 0.040 3
BEEF-vdW-DF2 0.191 10 0.191 10
optPBE-vdW-DF1 0.131 6 0.033 2
revT'PSS 0.146 9 0.025 1
SCAN 0.140 7 0.105 8
MS-B86bl 0.210 11 0.195 11
MS2 0.117 3 0.074 6
[ Average [ 0.164 [ [ 0.076 [ ]

database. The three DFs featuring GGA exchange and vdW-DF1 or vdW-DF2
correlation that performed well for the SBH17 database with the absolute value
of the MSE as the accuracy criterion again do well, with SRP32-vdW-DF now
ranking first. The PBE performance is also consistent, with PBE ranking fifth,

but as a GGA DF PBE is now outperformed by SRP50, which takes third place.

The DFs performing well in terms of their absolute value of the MSE also do
well on the MAE for SBH10.

The top panels of Figure 3.2 presents the correlation of the minimum barrier
height of the whole system with the computed lattice constant of the metal
for the DFs tested, also comparing to the SE and the experimental values of
these parameters, respectively, for Hy + Cu(111) and CHs + Pt(111). The
bottom panels show the correlation of the computed minimum barrier height
with the distance of the molecule to the surface in the optimized minimum
barrier geometry for these two systems. An interesting feature of the revTPSS
DF is that it predicts both the lattice constant of the metal and the minimum
barrier height with reasonably high accuracy, while the computed distance of
the molecule to the metal surface also agrees well with that obtained using the
SRP-DFT approach.

Table 3.9 presents the errors made with the medium algorithm for the 8

Hy-metal systems in the database (see also Figs.S17 and S18 of the SI of Ref.!??).

For these systems and with the absolute value of the MSE as accuracy criterion,
the PBE GGA DF does best, with the SRP50 DF as the runner up. The three
DFs in which GGA exchange was combined with non-local correlation and which
did well for SBH17 also do reasonably well for the Hy-metal reactions. The
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TABLE 3.8: Performance of the DFs and algorithms tested on the SBH10 database.

Both MAE and MSE (in €V) are calculated by including, and averaging over, the ten

systems present in the previous SBH10%° database. The DFs have been ranked according

to the best performance of the high algorithm according to the |MSE| criterion. For

the BEEF-vdW-DF2 and MS2 DFs we also present the values computed earlier while
allowing surface relaxation in the TS*C.

Functional Type High Algo Med Algo Light Algo SBH10%C
MAE | MSE | [MSE| | MAE | MSE | MAE | MSE | MAE/MSE

SRP32-vdW-DF1 GGA-+vdW 0.134 0.041 0.041 0.126 0.034 0.151 0.066
SRP50 GGA 0.132 0.063 0.063 0.133 0.067 0.155 0.061
optPBE-vdW-DF1 GGA+vdW - - 0.074 0.141 -0.074 - -
PBEa5b7-vdW-DF2 GGA-+vdW 0.135 -0.076 0.076 0.132 -0.073 0.143 -0.060
PBE-vdW-DF2 GGA-+vdW 0.142 0.093 0.093 0.148 0.098 0.163 0.120
PBE GGA 0.149 -0.098 0.098 0.143 -0.091 0.170 -0.112
revTPSS meta-GGA 0.198 -0.124 0.124 0.177 -0.117 0.237 -0.185
MS-B86bl meta-GGA 0.196 0.165 0.165 0.154 0.123 0.173 0.064
SCAN meta-GGA 0.198 -0.178 0.178 0.179 -0.156 0.253 -0.245
BEEF-vdW-DF2 GGA+vdW 0.182 0.182 0.182 0.179 0.179 0.193 0.183 0.12/0.03
MS2 meta-GGA 0.220 -0.188 0.188 0.171 -0.117 0.223 -0.198 0.36/-0.34
vdW-DF1 GGA-+vdW 0.214 0.214 0.214 0.211 0.211 0.256 0.256
RPBE GGA 0.223 0.223 0.223 0.224 0.224 0.235 0.235
vdW-DF2 GGA-+vdW 0.331 0.331 0.331 0.324 0.324 0.435 0.435

[ Average I [ 0.189 | 0.050 0.174 | 0.045 | 0.214 | 0.047
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Fi1cURE 3.2: Correlation of the barrier height for DC with the optimized lattice constant

(agp) of the metal (upper panels), and of the barrier height with the distance of the

molecule to the surface at the transition state (Zeom ), as computed with all DFs tested

in this work. The high algorithm was used. The left panels present results for Hy +

Cu(111) and the right panels for CHy + Pt(111). The vertical black dashed lines in the

upper panels represent the experimental lattice constants, and the horizontal magenta
solid lines the reference values of the barrier heights.

same is true for revTPSS which came out as best for SBH17, but is not best for
the Ho-metal systems. Table 3.10 presents the errors made with the medium
algorithm for the 2 No-metal systems in the database (see also Figs.S19 and S20
of the SI of Ref.!?°). For these systems, DFs that did well for SBH17 generally
are not very good. MS-B86bl, BEEF-vdW-DF2 and RPBE perform best for
the No-metal systems. Table 3.11 presents the errors made with the medium
algorithm for the 7 CHy-metal systems in the database (see also Figs.S21 and
S22 of the SI of Ref.!?). The DFs that did well for SBH17 also do reasonably
well for the CH4 + metal systems. However, for the latter category SCAN is
now the best performing DF using the MSE as accuracy criterion. Using the
MAE as accuracy criterion, the best CHy-metal results are obtained with the
SRP32-vdW-DF1, PBE, and revTPSS DFs, respectively.

Chapter



1dey)

100 SBH17: Benchmark Database of Barrier Heights for ...

TABLE 3.9: Performance of the DFs tested on the 8 Hy-metal systems present in
the SBH17 database using the medium algorithm. The MAE and MSE (in €V) are
computed with averaging over all 8 systems. The values of rypyap and r|yrsp| rank the
DFs according to best performance for the MAE and |MSE]| error criteria, respectively.

Functional Med Algo
MAE TMAE MSE TIMSE|
PBE 0.080 2 -0.049 1
RPBE 0.167 10 0.167 10
SRP50 0.070 1 0.063 2
vdW-DF1 0.264 13 0.264 13
vdW-DF2 0.290 14 0.290 14
PBE-vdW-DF2 0.174 11 0.174 11
SRP32-vdW-DF1 0.152 9 0.147 9
PBEab57-vdW-DF2 0.090 5 0.071 3
BEEF-vdW-DF2 0.227 12 0.227 12
optPBE-vdW-DF1 0.096 6 0.091 6
revI'PSS 0.086 4 0.086 5
SCAN 0.121 7 -0.117 7
MS-B86bl 0.128 8 0.128 8
MS2 0.084 3 -0.084 4
[ Average [ 0.145 [ [ 0.104 [

TABLE 3.10: Performance of the DFs tested on the 2 Ns-metal systems present in
the SBH17 database using the medium algorithm. The MAE and MSE (in eV) are
computed with averaging over all 2 systems. The values of rypyap and r|yrsp| rank the
DFs according to best performance for the MAE and |MSE]| error criteria, respectively.

Functional Med Algo
MAE TMAE MSE TIMSE|

PBE 0.409 10 -0.409 10
RPBE 0.088 3 0.088 4
SRP50 0.157 6 -0.157
vdW-DF1 0.048 2 0.048 3
vdW-DF2 0.372 8 0.372 8
PBE-vdW-DF2 0.123 5 -0.123 5
SRP32-vdW-DF1 0.217 7 -0.217 7
PBEa57-vdW-DF2 0.378 9 -0.378 9
BEEF-vdW-DF2 0.026 1 0.026 2
optPBE-vdW-DF1 0.434 11 -0.434 11
revI'PSS 0.723 14 -0.723 14
SCAN 0.525 13 -0.525 13
MS-B86bl 0.102 4 -0.024 1
MS2 0.454 12 -0.454 12

Average [ 0.290 [ [ -0.208 [
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TABLE 3.11: Performance of the DFs tested on the 7 CHy-metal systems present in
the SBH17 database using the medium algorithm. The MAE and MSE (in €V) are
computed with averaging over all 7 systems. The values of rypyag and r|);gp| rank the
DFs according to best performance for the MAE and [MSE]| error criteria, respectively.

Functional Med Algo
MAE TMAE MSE TIMSE|
PBE 0.045 2 -0.016 2
RPBE 0.336 14 0.336 14
SRP50 0.177 9 0.177 9
vdW-DF1 0.218 11 0.218 11
vdW-DF2 0.319 12 0.319 12
PBE-vdW-DF2 0.108 8 0.108 8
SRP32-vdW-DF1 0.040 1 0.032 3
PBEa57-vdW-DF2 0.090 7 -0.071 7
BEEF-vdW-DF2 0.196 10 0.196 10
optPBE-vdW-DF1 0.086 6 -0.060 6
revT'PSS 0.05 3 0.047 5
SCAN 0.077 5 0.007 1
MS-B86bl 0.333 13 0.333 13
MS2 0.059 4 0.046 4
[ Average [ 0.153 [ [ 0.121 [ ]

Table 3.12 shows the MAEs and the MSEs for the 17 systems investigated
here, where now the averaging is done over the DFs. For both the medium
and the high algorithms, the largest MAEs are found for the Hy + Ag(111),
Ny + Ru(1010), and CH4 + Ni(100) systems. If results for these 3 systems
are left out (leading to the database SBH14-3SBER, i.e, SBH17 with the 3
systems with the biggest errors removed), the MAEs and MSEs obtained with
averaging over the systems now come out as shown in Table 3.13. As can be seen,
omitting the systems for which the largest errors are made does not lead to large
changes in the conclusions: according to the MSE criterion, revTPSS comes
still out as best, followed by the same three DFs made up of GGA-exchange
and non-local correlation (although now with a slightly different order), and
PBE (see Tables 3.7 and 3.13). Omitting the three systems for which reference
barrier heights came from an ad-hoc SE analysis rather than from SRP-DFT
(resulting in the SBH14-SRP database) also does not yield large differences: the
revTPSS and optPBE-vdW1 DFs still come out as the two best ranking DFs
according to the |MSE| accuracy criterion (see Tables 3.7 and 3.13). Finally,
the correlation of the signed error with (WF-EA) is shown in Figures 3.3, 3.4,
and 3.5 for the GGA-DFs, the DFs consisting of GGA exchange and vdW-DF1
or vdW-DF2 correlation, and the meta-GGAs tested here, respectively. A weak
correlation seems to be present, with the GGA and meta-GGA DFs producing
lower (higher) signed errors for systems with lower (higher) (WF-EA).
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3.4 Discussion

With the large amount of data here considered, a full analysis is beyond the
scope of this chapter. Instead, in the discussion below we will focus on (i)
the description of the metal, and (ii) how well the different algorithms do for
describing the barriers for DC for the new database. Having determined an
optimal algorithm, we then discuss (iii) how the different DFs perform overall
for the new SBH17 database, and (iv) how this depends on the three different
types of systems in our database. Then, we (v) compare to new and old results
for the earlier SBH10 database. We also (vi) compare to the performance of
DFs with earlier results for molecular chemisorption, and for gas phase reaction
kinetics and thermochemistry. Finally, we also discuss future improvements and
extensions of our database.

3.4.1 Description of the metal

The trends in how accurately the tested DFs describe the lattice constants of
the metals investigated here (Ag, Ir, Cu, Pt, Ni, and Ru), as revealed through
Table 3.3, agree well with earlier work done on different sets of bulk solids. For
instance, the RPBE DF is known to overestimate lattice constants more than
the PBE DF!6:175  and it makes sense that the lattice constant computed with
their 50/50 weighted average (SRP50) falls in between. It is also known that
the vdW-DF1 and vdW-DF2 DFs substantially overestimate lattice constants,
and much more so than PBE, but that the performance of optPBE-vdW-DF1
is similar to that of PBE, in agreement with Table 3.3'647. Our finding that
BEEF-vdW-DF2 performs somewhat worse than optPBE-vdW-DF1 is likewise in
agreement with earlier findings'®, and the same is true for the earlier finding that
PBEa57-vdW-DF2 and optPBE-vdDF1 perform similarly for lattice constants'.
The SRP32-vdW-DF1 and PBE-vdW-DF2 DFs, which to our knowledge have
not been widely tested on solids yet, show a performance that is just a little
better than that of vdW-DF1 and vdW-DF2.

Our finding that the four meta-GGA DFs tested here are better for lattice
constants than PBE is likewise in agreement with earlier work. This has been
confirmed in Refs.'®!™ for revTPSS and in Refs!™176 for SCAN. Tran et al.!™
found a similarly good performance for MS2 as for revI'PSS and SCAN;, in
agreement with Table 3.3. Finally, like MS2%' the MS-B86bl°? was developed to
perform like the PBEsol®* GGA for metals, and its resulting good performance
for metals is in agreement with earlier findings'%°.

Interlayer distances computed with the tested DFs (Table 3.4) are not always
in good agreement with experimental values and with literature values obtained
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with the same DFs. This is not any reason for concern: converging the values
of interlayer distances requires thicker slabs (a larger number of layers, of the
order of eight or more!#>!™) than needed for converging reaction barrier heights
(typically 4 or 5). As the focus in this work is on reaction barrier heights, no
attempts were made to compute interlayer distances that were converged with
slab thickness.

3.4.2 Description of barrier heights to DC
3.4.2.A Preferred algorithm

Table 3.6 can be used to select the optimal algorithm for testing DFs on reaction
barrier heights for DC. In selecting this algorithm we also take into account
that, for a typical system, the high algorithm requires more "human time", and
roughly an order of magnitude more cpu time than the medium algorithm, due
to the need to find the saddle point geometry corresponding to the DF tested and
the system described. The light algorithm requires even less "human time" than
the medium algorithm, as the lattice constant(s) of the metal and the geometry
of the metal slab representing the surface also do not need to be optimized for
each metal and metal surface, respectively. However, the light algorithm is not
much less cpu-intensive than the medium algorithm.

Table 3.6 suggests the use of the medium algorithm for the following two
reasons. The first reason is that for all GGA DFs, for all DFs combining GGA
exchange with non-local correlation, and for revITPSS the medium algorithm
leads to results that hardly differ from the results of the much more expensive
high algorithm. In contrast, the light algorithm leads to results that differ

considerably from those of the medium algorithm, i.e., higher MAEs and MSEs.

This result suggests that, at least for now and while DFs are developed that yield
a simultaneously good description of interaction energies and metal structure,
the medium algorithm should be used. Figure 3.2 suggests an explanation: for
GGA DFs, and apparently also for the DFs combining GGA exchange with
non-local correlation, the predicted barrier height and metal lattice constant
are correlated, with higher barriers corresponding to larger lattice constants,
which has been known for some time®*®®. Apparently reaction barrier heights
are then best computed with the metal surface appropriately relaxed with the
DF tested (as done in the high and medium algorithms), which may be related
to the observation that reaction barrier heights may be strongly affected by
lattice strain'4®. We note that the problem that with GGA DFs barrier heights
are usually correctly predicted at the cost of overestimated lattice constants
may in principle be solved by resorting to a meta-GGA DF, as the use of the
kinetic energy density allows the DF to distinguish between metallic and covalent
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TABLE 3.12: Overall accuracy achieved for each system in the SBH17 database with the

algorithms tested. For a given system, mean absolute errors (MAE) and mean signed

errors (MSE, both in e€V) measure average deviations of the barrier heights computed

using the DFs tested in this work from the reference values listed in Table 3.2. The

averaging is done over the DFs, so that large deviations are likely to be indicative of
inaccurate reference values.

System High Algo Med Algo Light Algo

MAE MSE MAE MSE MAE MSE

Hy /Culll 0.205 0.104 0.197 0.098 0.245 0.133
Hy /CulO0 0.218 0.115 0.209 0.118 0.240 0.101
Hs5 /CullO 0.205 0.104 0.165 0.120 0.286 0.171
Hy/Aglll 0.339 0.334 0.335 0.330 0.380 0.375

Ho /Pt211 0.126 -0.048 0.054 0.048 0.056 0.056

Ho /Pt111 0.125 0.124 0.084 0.082 0.135 0.132

Ho /Ru0001 0.074 -0.008 0.039 0.016 0.046 0.028
Hy /Nilll 0.075 0.028 0.063 0.049 0.078 0.059

[ N/Ru0001 [ 0.230 | -0.138 [ 0.231 | -0.141 [ 0.318 [ -0.203 |
[ N3/Rul010 | 0.340 | -0.259 | 0.349 | -0.275 | 0.400 | -0.293 |

CH4 /Nil00 0.264 0.264 0.266 0.266 0.270 0.270
CH4/Nilll 0.144 0.091 0.132 0.100 0.182 0.132
CH4/Ni211 0.126 0.058 0.120 0.090 0.134 0.045
CHy4 /Pt111 0.155 0.098 0.146 0.084 0.280 0.246
CHy4 /Pt211 0.118 0.024 0.117 0.068 0.164 -0.032
CHy4 /Ru0001 0.152 0.142 0.157 0.144 0.187 0.176
CHy /Ir111 0.124 0.084 0.131 0.094 0.239 0.221

[ Average 0.177 | 0.065 | 0.164 | 0.076 | 0.214 | 0.095 |

bonding!”. This should also explain why the correlation observed in the upper
two panels of Figure 3.2 between lattice constant and barrier height is not
observed for the meta-GGA DFs.

The second reason to use the medium algorithm is simply that it produces
the lowest averaged MAE when the MAEs of the barrier heights are averaged
over all DFs tested (Table 3.6). The simplest explanation being that the medium
algorithm allows the best description of the reaction barrier height, Occam’s razor
then suggests the use of the medium algorithm. From now on, our discussion
will therefore focus on results obtained with the medium algorithm.

3.4.2.B Performance of DFs for SBH17 with medium algorithm

If we take the absolute value of the MSE as the accuracy criterion, of the DFs
tested the revITPSS meta-GGA comes out as best with a |[MSE| of 25 meV, which
corresponds to 0.58 kcal/mol (see also Table 3.7). Of the five best performing
DFs, three are made of GGA exchange and non-local correlation, and the DF
ranked fifth is the PBE GGA DF. Both the revTPSS and PBE DFs may be
described as non-empirical, constraint-based DFs, and interestingly both have
been cast as general purpose, workhorse functionals.
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The MAE is probably the best accuracy criterion, as this quantity tells us
by how much the barrier height we compute with a given DF will typically be
off from the real value. According to this criterion, the PBE DF comes out best,
with a MAE of 0.103 eV (2.4 kcal/mol). With this criterion revITPSS comes
out as ninth, with a MAE of 0.146 eV (3.4 kcal/mol). The MS2 DF now comes
out as the best meta-GGA DF (MAE = 0.117 eV = 2.7 kcal/mol). The highest
ranked GGA-+vdW DF now is SRP32-vdW-DF1, which has a second overall
ranking (MAE = 0.115 eV = 2.7 kcal/mol).

The major conclusions regarding the accuracy of DFs for the type of DC
reactions on SBH17 are robust in the sense that if we remove the three systems
from the database that lead to the largest errors (leading to the SBH14-3SBER
database) the order of the best performing DFs remains more or less the same.
As Table 3.13 shows, revT'PSS is still the best in terms of MSEs, and PBE still
ranks first in terms of MAEs (although now together with SRP32-vdW-DF2).
The best five performing DFs in terms of MSEs and the best three in terms of
MAESs remain the same (compare Tables 3.7 and 3.13).

The major conclusions regarding DF accuracy also remain unchanged if we
use the SBH14-SRP instead of the SBH17 database (compare Tables 3.7 and
3.13). For instance, the PBE DF remains the best performing DF according to
the MAE criterion. SRP32-vdW-DF1 ranks second according to this criterion
for SBH17, and still fourth (together with revTPSS) for SBH14-SRP; MS2 ranks
third for SBH17, and second for SBH14-SRP. Removing the three systems for
which reference barrier heights were obtained using an ad-hoc SE approach
does lead to considerably smaller absolute values of the MAE, e.g. 74 meV
(1.7 kecal/mol) for PBE under SBH14-SRP vs. 103 meV (2.4 kcal/mol) under
SBH17. This suggests that the conclusions regarding DF performance on DC
barrier heights in SBH17 would be even more favorable than now obtained if the
reference values for the three systems discussed were to be replaced with more
accurate SRP-DFT values. The following two observations provide additional
evidence that the reference values for at least two of the three systems left
out in SBH14-SRP are inaccurate: (i) the SRP32-vdW-DF1 functional, which
performs so well for CH4 + metal surface systems, shows a comparatively poor
performance on CH4 + Ni(100) (Table 3.11 and Fig. 3.4), and (ii) the PBE
DF, which shows the lowest MAE for SBH17, shows a larger error on the No +
Ru(1010) system than on any other system (Fig. 3.3).

If we compare trends found for barriers for DC on metals to trends found
for gas phase reaction barriers, a number of important differences stand out.
First of all, the MAEs tend to be smaller for DC barriers than for gas phase
reaction barriers. To give an example: the MAE of the PBE DF for the BH76
database for hydrogen atom transfer and non-hydrogen atom transfer reactions
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FIGURE 3.3: Correlation between the signed error and the difference of the work
function of the metal surface ® and the electron affinity EA of the molecule for all the
systems investigated. The results are for the high algorithm, for the GGA DFs tested.
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function of the metal surface ® and the electron affinity EA of the molecule for all the

systems investigated. The results are for the high algorithm, for the GGA-vdW-DF1,2
DFs tested.

is 8.9 kcal /mol?®, while the MAE found here is 2.4 kcal/mol. It is important
to note that this difference does not arise from the barrier heights being much
larger for the BH76 database: the average over the absolute values of the
barrier heights is 18.6 kcal/mol for BH76%3, which is not much larger than
for SBH17 (14.8 kcal/mol). Second, while RPBE clearly outperforms PBE for
gas phase reactions?26:178 the opposite is the case for the DC barriers we
consider here. Thirdly, and most importantly: while the PBE and RPBE DFs
both systematically underestimate gas phase reaction barrier heights'”®, here we
find that the RPBE DF systematically overestimates reaction barrier heights,
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while the PBE DF neither systematically underestimates nor systematically
overestimates DC barriers for the systems we consider. We consider this last
point a key point, which should be a telltale concerning semi-local DFT and
fundamental differences between gas phase reactions and DC on metals. For
this we note that the deficiency of semi-local DFT for gas phase reactions has
often been rationalized in terms of the delocalization error of Yang and co-
workers' ™18 The following hand waving explanation has been put forward
for explaining the comparatively good performance of semi-local DFT for DC
barriers in the systems in the database!®: of the electrons responsible for the
formation of bonds between the molecular fragments and the surface, the ones
coming from the molecule become more delocalized in the transition state, but
the opposite is true for the electrons coming from the metal, which are quite
delocalized to start with. This leads to error cancellation. A weakness of this
explanation is that it is hard to see how it can be tested or falsified, and more
research is needed to clarify the origin of the differences between the performance
of semi-local DFT for reaction kinetics in the gas phase and on metal surfaces.

Considering specific DFs; we note that, as found in other studies of molecules
interacting with metal surfaces®®'®2, the maximally constrained meta-GGA DF
SCAN does not outperform the PBE GGA DF for DC barriers, showing a similar
performance to the revTPSS DF for the MAE. The somewhat weak performance
of SCAN for adsorption of molecules on metal surfaces has been attributed to
density driven errors'®2. The MS2 meta-GGA DF performs reasonably well for
DC barriers, ranking third according to the MAE criterion, with a MAE of 0.117
eV (2.7 kcal/mol). The MS86bl DF, which has been constructed in such a way
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that its performance should be biased in favor of systems containing hydrogen®?,
is the meta-GGA DF performing least well for DC barriers here.

Of the DFs built from GGA exchange and non-local correlation, the opt PBE-
vdW-DF1, the SRP32-vdW-DF1, and the PBEa57-vdW-DF2 DFs perform quite
well here, ranking among the best 4 according to the MSE and among the best
6 according to the MAE criterion. For the SRP32-vdW-DF1 and the PBEa57-
vdW-DF2 DFs this is not so surprising as they are known to be SRP-DFs for
some of the systems in our database (see Table 3.2). However, the optPBE-
vdW-DF1 DF was first developed to obtain an improved description of weak
interactions?®, and only later was this DF shown to accurately model systems
in which Hy interacts with copper surfaces®™!%. The original vdW-DF1 and
vdW-DF2 DFs do not exhibit a very good performance for DC, ranking 12" and
14" on both accuracy criteria. PBE-vdW-DF2 exhibits a reasonable performance.
The performance of BEEF-vdW-DF2 would seem to be disappointing as well, as
it seemed to perform much better in the earlier tests on the SBH10 database”.
This issue will be further considered below.

3.4.2.C Dependence on the type of system

The performance of the tested DFs on Ha-metal systems (Table 3.9) does not
contain great surprises. The SRP50 DF performs better on this sub-database
than on SBH17, but this is no great surprise as this DF is close to the SRP48 DF,
which is an SRP-DF for Hy + Cu(111)!%4. The SRP32-vdW-DF is also less good
for the Ha-metal sub-database than for SBH17, which may be explained from
this DF being an SRP-DF for several CHy + metal systems, while it performs
poorly for DC of Hy on Cu and Ag surfaces (see Table 3.2 and Fig. 3.4).

The performance of the tested DFs on No-metal systems (Table 3.10) is
rather different from that on the SBH17 database. Specifically, the best four
performing DFs for No-metal systems (MS-B86bl, BEEF-vdW-DF2, vdW-DF1,
and RPBE according to both the MSE and MAE criteria) show a rather poor
overall performance on SBH17. The origin of this discrepancy is not entirely clear.
However, there appears to be a weak correlation between the MSE of a given
functional and (WF-EA) (see Figures 3.3-3.5). A trend that may be discerned is
that the MSE increases with the (WF-EA). The Ny-metal systems have a low
(WF-EA), and lie on one of the outer edges of the range of (WF-EA) spanned
by the systems investigated here (see Figures 3.3-3.5). These two observations
together perhaps explain why the DFs that come out best for No-metal systems
do not do well for SBH17 as a whole: for many of the systems in the database
with higher (WF-EA), these DFs will produce much higher unsigned errors.
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Finally coming to the CHy-metal systems (Table 3.11) the only real surprise
is that SCAN performs quite well for these systems. The good performance of
SCAN for systems with high (WF-EA) (see Figures 3.3-3.5) is consistent with
the explanation that for this DF errors in molecule-metal surface interactions are
density driven: for the methane-metal systems, little if no electron transfer will
occur from the metal surface to the molecule. This would suggest that errors
associated with electron delocalization and self-interaction should be small®®,
which would in turn suggest that density driven errors should be small.

3.4.2.D Comparison to present and previous results for SBH10

To allow a better comparison between the results for the present SBH17 and the
older SBH10 database, in Table 3.14 we compare the MAEs obtained for both
databases for the 9 DFs that performed best for SBH17 according to the MAE
accuracy criterion. In Table 3.14 we also show how these DFs ranked according
to both the MAE and the MSE accuracy criterion in both databases.

The comparison shows that, on the whole, not much changes when comparing
our new results for SBH10 to our new results for SBH17. Only in one case is the
MSE changed by more than 1 kcal/mol (~ 43 meV), i.e., for the meta-GGA MS2
functional (by 54 meV). The second largest change occurred for the GGA PBE
DF (40 meV), and the third largest change for the meta-GGA revTPSS DF (by
31 meV). In all three cases the MAE is increased going from SBH17 to SBH10.
Inspection of Figs 3.3 and 3.5 suggests that for these 3 DFs the discrepancy
could to a large extent be due to the larger weight of the No-metal systems in
the SBH10 database (20 %) compared to that in the SBH17 database (12 %), as
the three DFs mentioned all perform rather poorly for the systems containing
No.

Finally, there is the matter of how the old results for SBH10%? compare to
the new results for SBH10, and for SBH17. The old study compared results for
three DFs where each is a representative of a specific class of DFs, i.e., rung 2
(GGA) exchange with vdW-DF2 correlation (BEEF-vdW-DF2), rung 3 exchange
and rung 3 correlation (MS2), and a rung 4, screened hybrid DF (HSE06)*2.
With the latter DF, only results were obtained for the Hy metal systems. For
this reason, and because we did not test any rung 4 DFs here, we will not discuss
the old HSEO6 results here.

First comparing the old SBH10 to the new SBH10 results here (see Table 3.8),
fairly large differences are noted for the two DFs tested. The old results showed
a somewhat better performance for the BEEF-vdW-DF2 DF (MAE, MSE =
0.12, 0.03 €V) than here obtained (MAE, MSE = 0.18, 0.18 eV for the medium
algorithm, see also Table 3.8). On the other hand the old results showed a
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considerably worse performance for the MS2 DF (MAE, MSE = 0.36, -0.34 eV)
than here obtained (MAE, MSE = 0.17, -0.12 eV for the medium algorithm, see
also Table 3.6). The explanation for this difference is as follows. A shortcoming
of the method to compute barrier heights in the older work was that the metal
surface was allowed to relax in the presence of the molecule for 9 of the 10
systems in the database in the calculation of the transition state energy. From
a physical point of view, this is incorrect when interpreting the outcome of
supersonic molecular beam experiments, where the molecule comes in fast and
the surface atoms do not have time to respond to its presence'®. Using this
incorrect procedure should lead to an underestimate of the classical barrier height
relative to SRP-DFT or experimentally estimated values obtained from supersonic
molecular beam sticking experiments, which should reflect the situation where
the surface atoms have not relaxed in response to the incoming molecule. How
this affects the results for a given DF depends on its MSE. The BEEF-vdW-DF2
DF has a small positive MSE for SBH10 with the old algorithm, which should
then go up with the new algorithm, as should the MAE. This explains the worse
performance of BEEF-vdW-DF2 for SBH10 with the newer and better algorithm
(as Figure 3.6 shows, barrier heights increase with the new algorithm, the reason
being that the T'S energy comes out higher because the surface is not allowed to
relax). The MS2 DF has a large negative MSE for SBH10 with the old algorithm,
which should then become smaller but still negative with the new algorithm,
and this should lead to a smaller MAE, as indeed observed.

2.0
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F1GURE 3.6: Comparison of barrier heights computed with the BEEF-vdW-DF2 DF

for the systems in the SBH10 database, allowing the surface to relax in the TS (SBH10,

results from Ref.%%) and using the medium algorithm, in which the surface is held fixed
at the metal-vacuum interface geometry (This work).

We now compare the old SBH10 to the new SBH17 results. The old results
showed a somewhat better performance for the BEEF-vdW-DF2 DF (MAE,
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MSE = 0.12, 0.03 V) than here obtained for SBH17 (MAE, MSE = 0.19, 0.19
eV, medium algorithm, see also Table 3.7). On the other hand the old SBH10
results showed a considerably worse performance for the MS2 DF (MAE, MSE
= 0.36, -0.34 ¢V) than here obtained for SBH17 (MAE, MSE = 0.12, -0.07 €V,
medium algorithm, see also Table 3.7). In contrast to the older SBH10 work,
we thus find a better performance of the MS2 DF than of the BEEF-vdW-DF2
DF. However, this better performance could in principle reflect the smaller
proportion of No-metal systems in SBH17 than in SBH10. If it turns out that,
as discussed above in Section 3.4.2.B, MS2 also systematically underestimates
barrier heights for No-metal systems, then the performance of this DF for a more
balanced database (which should contain more No-metal systems relative to Ha-
and CHy-metal systems than now is the case) could be somewhat worse than
now found. However, our results do not support the conclusion that might be
drawn from the older SBH10 work that meta-GGA functionals systematically
underestimate reaction barrier heights for DC on metals: this is not true for
revIPSS (MSE = - 25 meV), for MS2, and even for SCAN (MAE = 140 meV,
MSE = -105 meV, see Table 3.7), and it is certainly not true for MS-B86bl (MSE
= 195 meV). Our new study also does not support the idea that meta-GGA DFs
should be worse for DC on metals than GGA DFs.

3.4.3 Comparison to results for adsorption and to gas phase
results

In Table 3.15 our new results for SBH17 are compared to results for adsorption
of molecules to metal surfaces, focusing on strong molecule-metal surface inter-
actions, i.e., on chemisorption. The data we compare to come from calculations
on the CE26 database!® and from calculations on the CE21b database!®3, where
the latter may be viewed as a sub-database of the former. We use the MAE (or,
if not available, the RMSE) as the accuracy criterion, and the DFs are listed
in order of increasingly RMSE for the CE26 database. The most important
observation that can be made is that the DFs that perform best for DC barrier
heights (a kinetic property) usually are not best for chemisorption energies (a
thermochemical property), and vice versa. To give a few examples: PBE performs
best for DC barriers in SBH17, but ranks sixth of the DFs listed in Table 3.15
for chemisorption energies. Similarly, the three best DFs for chemisorption
(BEEF-vdW-DF2, vdW-DF1, and RPBE) did not perform particularly well for
dissociation barriers, ranking 10", 12" and 13" among the 14 DFs tested on
SBH17. A DF performing reasonably well on both chemisorption and DC is
MS2, which ranks 4" for chemisorption and 3"¢ for DC barriers in Table 3.15,
and may be said to yield the best overall performance on molecule-metal surface
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interactions. On the basis of the results in Table 3.15 we do not agree with the
statement that "a functional that predicts chemisorption energies accurately can
also predict barrier heights with comparable accuracy"'®. In Ref.!® this conclu-
sion referred to the BEEF-vdW-DF2, which performs well for chemisorption and
performed well in the earlier tests on DC of Ref.%°. However, as shown here its
performance for barrier heights is not particularly good if the metal surface is
treated appropriately (see Section 3.4.2.B), which was not the case in Ref.°.

In Table 3.16 kinetic data coming from barrier height databases (the present
SBHI17 results for surface reactions, and BH76 and BH206 for gas phase reactions)
and thermochemical data (the CE26 results for chemisorption at metal surfaces,
and AE6 for atomization energies and TCE for "easy" thermochemical gas phase
interactions) are compared for a selection of the GGA and meta-GGA DFs
tested here. We see that some of the observations for surface reactions also
hold for gas phase interactions. For example, the functional that of PBE and
RPBE is best for gas phase reaction barriers (RPBE in BH76 and BH206) is
not necessarily best for gas phase thermochemistry (with RPBE outperformed
by PBE for the large TCE database, although not for the small AE6 database).
For the databases listed in Table 3.16, MS2 has the best overall performance. A
striking observation is that RPBE is good for chemisorption (for which it was
optimized®®) while PBE is good for DC barrier heights (for which it was not
optimized), as already noted above. In Section 3.4.2 the point that RPBE is
better than PBE for gas phase reactions but not for metal surface reactions was
already discussed. The revTPSS DF exhibits a fairly robust performance for all
the databases in Table 3.16. SCAN is robust for the gas phase databases, poor
for chemisorption, but rather good for DC barriers.

3.4.4 Future improvements

On the basis of the above, we see the following possible improvements of the
present database for DC barriers on metals, and for testing DFs on the database.

First, we suggest that in future the entries in the database are as much as
possible based on SRP-DFT, and not on more ad-hoc SE procedures. This
would require dynamics calculations with trial DFs on CH4 + Ru(0001) and CHy
+ Ni(100), for which molecular beam experiments are already available!:129,
and new experiments and dynamics calculations on Ny + Ru(1010), for which
molecular beam sticking experiments are, to our knowledge, not yet available. As
noted above our comparison between MAEs computed with PBE for SBH17 and
SBH14-SRP suggests that replacing the reference values with SRP-DFT values
for the three systems mentioned is likely to lead to smaller MAEs for a thus
improved version of the SBH17 database. Second, we suggest that the database
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TABLE 3.15: DF performance for kinetics and thermochemistry of
molecules reacting with metal surfaces. Errors for adsorption energies
as present in the CE21b'83, and CE26'® databases are compared to
MAESs computed for DC barriers for the new SBH17 database, for the
DFs for which results were provided in the chemisorption databases.

All errors are in €V.

[ [ Database [ CE21b [ CE26 [ SBH17

\ DF [ Type DF | MAE | MSE | RMSE | MSE | MAE | Rank |

BEEF-vdW-DF2 GGA+vdW - - 0.21 0.0 0.19 10

vdW-DF1 GGA+vdW - - 0.21 0.09 0.22 12

RPBE GGA 0.15 0.07 0.23 0.09 0.23 13

MS2 meta-GGA - - 0.27 -0.15 0.12 3

vdW-DF2 GGA+vdW - - 0.29 0.15 0.31 14

PBE GGA 0.30 -0.28 0.31 -0.19 0.10 1

rev PSS meta-GGA 0.30 -0.28 0.31% - 0.15 9

SCAN meta-GGA 0.47 -0.46 0.45 -0.39 0.14 7

optPBE-vdW-DF1 GGA+vdW - - 0.54 -0.42 0.13 6

& Inferred from PBE value for CE26
revI'PSS on the MAE in CE21b.

and similar performance of PBE and

TABLE 3.16: DF performance for kinetics and thermochemistry of molecules reacting
with metal surfaces, and for gas phase chemistry. Comparison of performance of a

selection of GGA and meta-GGA DFs for gas phase and metal-surface interactions.

Unless indicated otherwise with explicit references the data come from the present
results for the SBH17 database (this work), and works presenting data for the BH76
database?®, the BH206 database?*, the CE26 database'®, the AE6 database'®?, and the
TCE database®*. All errors in eV.

‘ ‘ Database ‘ SBH17 ‘ BH76 ‘ BH206 | CE26 ‘ AE6 TCE ‘
DF Type DF MAE MAE RMSE | RSME MAE RMSE
PBE GGA 0.10 0.43 0.40 0.31 1.02 0.40
MS2 meta-GGA 0.12 0.2718%% 0.27 0.27 0.191%° 0.29
SCAN meta-GGA 0.14 0.34°1 0.33 0.45 0.15 0.23
revIPSS | meta-GGA 0.15 0.35 0.32 0.31 0.28 0.27
RPBE GGA 0.23 0.34 0.33 0.23 0.42 0.42
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be extended with additional No-metal systems. It may be possible to do this by
semi-empirically fitting SRP-DFs to supersonic molecular beam sticking data
on Ny + Fe(111)¥6:187 \W(110)!88:189 and W(100)'89192, Adding these data
is desirable to make the database more balanced, as it is now dominated by
data for DC of Ho and CH4 on metal surfaces. Also, it would show whether our
results for the MS2 DF are robust to addition of more No-metal systems to the
database, for which this DF did not perform so well, and the same holds for the
optPBE-vdW-DF1 and PBE DFs.

On the longer term, it should be necessary to extend the database with
systems for which the charge transfer energy, which equals (WF-EA), is less
than 7 eV. As noted in Ref.”®, DFs with semi-local exchange would appear to
systematically overestimate the reactivity of such systems, suggesting that DFs
with screened exact exchange are required for a good description. Examples
of systems for which molecular beam sticking data are available include e.g.
HoO + Ni(111)'%3 HCI + Au(111)*4) and Oy + Al(111)19%:196 Ag(110)197:198
Cu(100)'?, and Cu(111)2°. Inclusion of such systems in the database would
certainly alter the view of the performance of DFs for DC on metal surfaces,
where the view offered in the present work is specific to systems with (WF-EA)
> 7 eV, the only exception being Ny + Ru(1010).

Finally, of course a far larger number of DFs exists than here tested. While
we could mention specific DFs here that would be nice to test, this might not do
justice to others, as several DFs exist (see e.g. the DFs tested in Refs.?2426),
However, a particular DF we would like to mention is the new machine learned
DF DM212°!, Even though this DF has not been trained on interactions involving
transition metals, it would be good to see how it performs on SBH17. It would
also be good to test recently developed functionals combining screened exact
exchange with vdW-DF1 and vdW-DF2 correlation?°?2%3 which may work
especially well for the representative database we envisage. We advocate that
such future benchmark tests would also incorporate calculations employing the
CE26 database for chemisorption on metals!®.

Last but not least, it would also be good to mention something we would
like to keep the same for now. A nice conclusion from the present work is that
benchmarking of DFs on the SBH17 database can be done with the "medium
algorithm". While this requires some additional work to what is needed for
benchmarking DFs on kinetic and thermochemical data on chemical reactions,
the overall extra effort required (of determining the lattice constant of the 6
metals present in the database for each DF, and the interlayer relaxation of the
metal slabs of the 12 different metal surfaces used here) is manageable. For this
reason, we also hope that others will start using the SBH17 database, and that
it will be incorporated in the larger databases that are now used for extensive
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23,24,26

benchmarks of gas phase reactions , which unfortunately do not yet include

data for reactions on metal surfaces.

3.5 Conclusions and outlook

We have presented a new database with barrier heights for DC on metal surfaces
that can be used for benchmarking electronic structure methods. The new
database is called SBH17 and contains barriers for 17 systems, including 8 Ha
metal systems, 2 No metal systems, and 7 CH4 metal systems. For 16 systems
(WF-EA) exceeds 7 €V. The barrier heights come from SRP-DFT (14 systems)
and from more ad-hoc SE procedures (3 systems). The new database is meant
to replace an older database (SBH10) that contained barriers for 10 of the 17
systems now treated.

We have tested 14 DFs on the new database, of which three were GGA
DFs, 4 meta-GGA DFs, and 7 DFs containing GGA exchange and vdW-DF1 or
vdW-DF2 non-local correlation. We first tested how the performance of these
DFs depend on the algorithm or procedure used. Three different algorithms
were tested, which were labeled “high”, “medium” and “light” according to the
investment of computer time that was required for the calculation. In the
algorithm that is the best compromise between accuracy and invested computer
time (the medium algorithm), for each DF tested one computes the lattice
constant of the metals in the database. Next, for each DF tested, for each metal
surface in the database one performs a relaxation of the interlayer distances
between the top layers. Then, for each system in the database and for each DF
the barrier height is computed on the basis of two single point calculations. One
of these calculations is for a geometry where the molecule is in the gas phase,
and one for a geometry where the molecule is in the saddle-point geometry with
respect to the surface obtained from the previous calculations. This saddle point
geometry is either the one previously obtained from an SRP-DFT calculation (if
the barrier height comes from SRP-DFT) or from a calculation with a functional
that is expected to perform best (if the barrier height is a guess based on more
approximate SE procedure).

Of the DFs tested, the meta-GGA DFs perform best at describing the
metal, followed by PBE and optPBE-DF1. When the MAE is taken as the
accuracy criterion, the workhorse PBE GGA DF performs best on the SBH17
database, with a MAE of 2.4 kcal/mol. Other top performers are the MS2
meta-GGA functional and two functionals consisting of GGA exchange and
non-local correlation (SRP32-vdW-DF1 and PBEa57-vdW-DF2). Surprisingly,
none of the DFs tested systematically underestimates reaction barriers for DC
on metals, in contrast to findings for gas phase reactions. This finding should
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be a telltale on the origin of flaws of semi-local DFs for gas phase reaction
barriers, and differences between gas phase reactions and DC reactions on metals,
suggesting further research on these topics.

Our results for the accuracy of the DFs for DC barriers are robust to the
extent that their ranking according to MAE is rather insensitive to removing the
three systems yielding the biggest errors in the database, to removing the three
systems for which reference barrier heights were obtained with an ad-hoc SE
analysis, and to applying the functionals to the older SBH10 database. Improving
SBH17 by ensuring that all reference barrier heights come from SRP-DFT is
likely to reduce the MAEs of the best performing functionals considerably, e.g.
to an error less than 2 kcal/mol for PBE. We obtain different results regarding
the relative accuracy of the MS2 and BEEF-vdW-DF2 functionals than obtained
in an earlier study of the SBH10 database, which we attribute to an incorrect
treatment of the surface atoms in the transition states in the earlier study.

For the sub-databases with Ho-metal systems, No-metal systems, and CHy-
metal systems, rankings are obtained that differ from the overall ranking for the
complete database. The SRP50-DF (the 50/50 mixture of the PBE and RPBE
GGA DFs) performs best for Ho-metal systems. BEEF-vdW-DF2 performs best
for No-metal systems, and SRP32-vdW-DF1 for CHy-metal systems.

The DFs performing best for DC barriers (i.e., kinetics) are not the ones
that perform best for databases (CE26, CE21b) of chemisorption energies on
metals (i.e., thermochemistry). This trend is paralleled in the performance
of DFs on databases for kinetics (BH76, BH206) and thermochemistry (AEG,
TCE) in the gas phase. The meta-GGA MS2 DF is the functional with the
best overall performance for DC barriers and chemisorption energies on metals.
Of the five GGA and meta-GGA DFs considered for their performance on 6
databases for kinetics and thermochemistry on metal surfaces and in the gas
phase (PBE, RPBE, revTPSS, MS2, and SCAN) again MS2 showed the best
overall performance.

Future improvements of the present database include replacing estimates
of barrier heights from ad-hoc SE procedures with SRP-DFT values, adding
data for the underrepresented No-metal systems, and extending the databases
with systems for which (WF-EA) is less than 7 eV. Chemically accurate barriers
for the latter category of systems do not yet exist, and obtaining them may
require a fundamentally different approach than the SE SRP-DFT approach
forming the basis of the present database. Adding such systems should be
important because they include systems relevant to sustainable chemistry (e.g.,
oxygen containing molecules like water and methanol), and because conclusions
regarding the performance of DFs for the more general database also including
such systems might be different from the present conclusions. In spite of the
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present limitations of the database we hope that the new database finds its
way into benchmark tests of new and already existing DFs, as it is rather odd
that such tests do not yet include the type of reactions that arguably is most
important for producing chemicals.
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Simulating Highly Activated Sticking of H; on
Al(110): Quantum versus quasi-classical dynamics

This Chapter is based on:

Tchakoua, T.; Powell, A. D.; Gerrits, N.; Somers, M. F.; Doblhoff-Dier, K.;
Busnengo, H. F.; Kroes, G. J. Simulating highly activated sticking of Ho on
Al(110): Quantum versus quasi-classical dynamics. J. Phys. Chem. C 2023,
127, 1932-7447

Abstract

We evaluate the importance of quantum effects on the sticking of Hs on
Al(110), for conditions that are close to those of molecular beam experiments that
have been done on this system. Calculations with the quasi-classical trajectory
(QCT) method and with quantum dynamics (QD) are performed using a model
in which only motion in the six molecular degrees of freedom is allowed. The
potential energy surface used has a minimum barrier height close to the value
recently obtained with quantum Monte-Carlo. Monte-Carlo averaging over the
initial rovibrational states allowed the QD calculations to be done with an order
of magnitude smaller computational expense. The sticking probability curve
computed with QD is shifted to lower energies relative to the QCT curve by 0.21
to 0.05 kcal/mol, with the highest shift obtained for the lowest incidence energy.
Quantum effects are therefore expected to play a small role in calculations that
would evaluate the accuracy of electronic structure methods for determining the
minimum barrier height to dissociative chemisorption for Ho + Al(110) on the
basis of the standard procedure for comparing results of theory with molecular
beam experiments.
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4.1 Introduction

The dissociative chemisorption (DC) of molecules on metal surfaces is of high
practical interest, as the transition state (TS) of the DC reaction is often a
rate-limiting state in overall heterogeneously catalyzed processes'? (such as
ammonia production® and steam reforming*), and most chemicals are made
through heterogeneous catalysis®. It is therefore important to be able to compute
accurate barriers for DC on metals with electronic structure methods, and to
test the ability of density functional theory (DFT) to compute such barriers
accurately. With more than 30,000 papers published annually®, DFT is probably

the most important electronic structure method applied to complex systems.

While DFT has been tested extensively on databases of gas phase reaction
barriers” 10, tests! ™13 on databases of barrier heights for DC on metals'!? are
still scarce.

Unfortunately, reaction barrier heights are not observables'. The way to
validate the capability of electronic structure methods to accurately compute
barrier heights is therefore to compute an observable that strongly depends on the
barrier height'*. For DC on metals, this is the sticking probability (Sg), which can
be measured in a supersonic molecular beam experiment'*1?, as can be argued
on the basis of the hole-model'®. The validation procedure therefore also requires
dynamics calculations to be performed with an appropriate dynamical model
and dynamical method!®. In this procedure, the electronic structure method
is used to generate the forces acting on the atoms (either directly in ab initio
molecular dynamics or density functional molecular dynamics calculations or
indirectly from a potential energy surface that was fitted to ab initio data)'*. If
such calculations yield a Sy curve that is in good agreement with a high quality
experiment, and if the dynamical model and method used were of high enough
accuracy, the minimum barrier height computed with the electronic structure
method should be an accurate value of the TS energy, also allowing its use for
benchmarking purposes!!12:14,

For DC of Hy on a metal surface, with few exceptions'” experiments measure
So, or effectively the DC probability, as an average over both the velocity
distribution of the molecular beam and the rovibrational states populated in the
beam at the nozzle temperature (7,) used in the experiments!®27. With Hy
being the lightest molecule one might think that the sticking in such experiments
should be highly influenced by quantum effects like tunneling, and that this
should be especially true if the barrier to DC is high. However, this is not
necessarily true. For instance, on the basis of experiments on DC of Hs on
Cu(111) it has been argued that at low incidence energies (F;) the reaction is
dominated by vibrationally excited Hg in its v=1 or even its v=2 state, where v is

1
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the vibrational quantum number?'. With averaging over the rovibrational states,
the question then becomes: is the sticking dominated by "classical", i.e., over
the barrier reaction of Hy in highly excited vibrational and/or rotational states,
or are quantum effects like tunneling highly important because most molecules
that react are in low vibrational and rotational states with high Boltzmann
populations, and their reaction is dominated by tunneling? In other words, to
compute Sp, does the quasi-classical trajectory (QCT) method?®29 suffice, or
should one use a quantum dynamical (QD) method, like the time-dependent
wave packet (TDWP) method??:3'? So far, existing evidence for Hy reacting
on Cu(111)32 and Cu(211)33 suggests that quantum effects are not of large
importance for So down to 0.01 or even to 0.001. Evidence concerning DC of
Hs or Ds in specific single initial rovibrational states in some cases does suggest
large differences between quantum and quasi-classical dynamics calculations?4 40,
but as already indicated most experimental results for DC of Hy on metals
represent averages over several rovibrational states. Additionally, in molecular
beam experiments the importance of quantum effects may depend on how wide
the translational energy distributions of the beams are, as molecules in the high
energy tail of a beam might react more readily through a classical mechanism.

Here the question we raised above (how important are quantum effects on the
sticking of Ha on metal surfaces) is addressed for the DC of Hy on Al(110). There
are several reasons for addressing this system. First, this system is representative
of Ha-metal DC reactions with a very high minimum barrier (i.e., > 1 eV)%!,
as also found in e.g. Hy + Ag(111)324243 and Hy + Au(111)3>4344, Second,
this reaction has been investigated in experiments??%® for which the velocity
distributions used can be derived from actual time-of-flight (TOF) distributions
and other experimental information that has been published*®. This information
has been used successfully to accurately model experiments on the sticking of Hg
and Do on Cu(111)%647 Cu(100)*™48, and Cu(110)*" also investigated with these
beams. Finally, the Hy + Al(110) system is currently being used to investigate
the performance of a new first-principles based version of the specific reaction
parameter (SRP) approach to DFT (SRP-DFT) in quasi-classical dynamics
calculations. For the actual comparison with experiment that we intend to
publish shortly (A.D. Powell et al., to be published), it will be important to know
the importance of quantum effects, which are the focus of this study. Comparison
with experiments is not yet the aim here, as this would also require inclusion of
surface atom motion and electron-hole pair (ehp) excitation, which is beyond the
scope of the present chapter. In view of the usual way of validating an electronic
structure method for barrier heights of DC (i.e., by computing the energy shift
between a computed and a measured sticking probability curve!®46)  the central
question we will address is: To what extent may quantum effects be expected



4.2. Method 141

to shift the computed sticking probability curve for Hy + Al(110) along the
incidence energy axis? While we address this question for Hy + Al(110), our
results may also be relevant to the modeling of existing experiments on DC of
Hs on Ag(111)%4, or sticking experiments yet to be performed for Hy + Au(111).

Our Chapter is organized as follows: First, we describe the theoretical
methods used in this work in Section 4.2. Section 4.2.1 describes the dynamical
model and Section 4.2.2 the DFT method used to generate the electronic structure
data describing the molecule-surface interaction. The corrugation reducing
procedure® used to interpolate the DFT data to generate a global PES is
described in Section 4.2.3. Section 4.2.4 describes how we compute Sg, the
observable obtained in hyperthermal molecular beam experiments. The QD and
the QCT methods that are used to obtain Sy for Ha+ Al(110) are described
in Sections 4.2.5.A and 4.2.5.B, respectively. In Section 4.3, the results of the
calculations are shown and discussed. Section 4.3.1 describes the computed PES,
and Section 4.3.2 presents the Sg computed with QD and with the QCT method,
and their comparison. In Section 4.3.3 an attempt is made to underpin the size
of the quantum effects predicted with an analysis of the QCT results and the
characteristics of the molecular beams we simulate. Conclusions are provided in
Section 4.4.

4.2 Method

4.2.1 Dynamical model

In all calculations (in the QD and in the QCT calculations), the Born-Oppenheimer
static surface (BOSS) model'* has been used. Within this model the surface
atoms are kept fixed in their ideal lattice positions and ehp excitation is neglected.
Only the motion in the six Hy degrees of freedom (6D) is taken into account.
Specifically, the molecular coordinates X, Y, and Z describe the motion of the
molecule’s center of mass, where Z is the molecule-surface distance and X, Y
describe the lateral positions (see Figs. 4.1A and 4.1B). Furthermore, the H-H
bond distance is given by r and the angular orientation of Ho by the polar angle
0 the Ho bond makes with the surface normal and the azimuthal angle ¢ that
the projection of the molecule’s bond axis on the surface makes with the X-axis
(see Figs. 4.1A and 4.1B). Fig. 4.1A also shows the Al(110) surface unit cell
and the high symmetry impact sites top, long-bridge, short-bridge, hollow, and
the site we call the C-site.

As discussed below the slab we used to model the Al surface mimics an ideal
surface at a surface temperature (75) of 220 K. We note that, with the way the

slab has been set-up for 220K, we only include the effects of thermal expansion®”.
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Presently we exclude the effect of the forms of corrugation that surface motion
can introduce in a real surface at 220K, and the effect of energy transfer between
the molecule and the surface atoms®’ 2.

QCT calculations using the static corrugation model on the activated DC
of Hy and Dy on Cu(111) at Ty = 120 K found little effect of the mentioned
additional corrugation for Sy values as low as 102 (see Fig.13 of Ref.%!). Like-
wise, density functional molecular dynamics (DFMD) calculations and QCT
calculations investigating DC of Do on Cu(111) found no detectable effect (within
the statistical accuracy of the DFMD calculations) of the mentioned additional
corrugation and of energy transfer at Ty = 120 K for Sg > 1072 (see Fig.S1 of
Ref.??). Given that DC of Hy on Al(110) is associated with even lower reaction
probabilities?’, that the measurements on this system were performed at a
somewhat higher Ty (220 K), and that the mass ratio between H and Al should
be more conducive to energy transfer according to the Baule model® than that
between H and Cu, these effects might become more important for the system
under investigation here. We believe however that for the current comparison
between QD and QCT using a molecular beams of Hy that we simulate, these
effects are not so relevant, although presently this is based on speculation and
the answer may depend on whether the thermal motion may promote reactivity
through tunneling by modulating the barrier height to DC?>°6. To our knowl-
edge, work on how surface atom motion might affect the tunneling contribution
to DC of Hs has not yet been performed. However, as stated previously, the
effect of phonons will be considered in future work with quasi-classical dynamics
(A.D. Powell et al., to be published).

4.2.2 DFT Method

Calculations of the Ha-Al(110) molecule surface interaction were performed using
Kohn-Sham DFT®"%%. The density functional (DF) ESFEPTI=vdW2 yged can be
written as

It contains 29% PBE®? exchange and 71% RPBE®’ exchange, while the cor-
relation part of the exchange-correlation functional was taken as the Rutgers-
Chalmers vdW-DF2 correlation functional®. As will be described in detail
elsewhere (A.D. Powell et al., to be published), with this DF an accurate fit
is obtained of the barrier heights computed with diffusion MonteCarlo (DMC)
for six barrier geometries of Hy + Al(110)4!. For example, with the DF of
Eq. 4.1 a transition state (TS) energy of 25.4 kcal/mol is obtained, which is in
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BG1

FIGURE 4.1: Top view (A) and side view (B) of the surface unit cell of Al(110),

illustrating the six coordinates describing the geometry of the Hy-Al(110) system in the

BOSS model, and (C) the six barrier geometries BG1-BG6. In (A) the black, green,

red, blue, and yellow solid circles denote the top, short-bridge, long-bridge, hollow, and
C site, respectively.
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good agreement with the DMC value of 25.1 kcal/mol*!. More details of the
comparison with DMC data will be provided elsewhere.

In the plane wave DFT calculations the Al(110) surface has been represented
using a 10 layer thick Al slab. Details of how the slab was set up and adjusted to
represent an Al(110) surface in which the atoms occupy the ideal lattice positions
at 220 K are presented in Sections S1 and S3 of the Supporting Information
(SI) of Ref.52. A (3 x 3) surface unit cell was used, leading to a total of 90 Al
atoms. A vacuum distance of 16.0 A was used to separate the slab from its
first periodic images in the supercell approach employed. The core electrons
have been treated using pseudo-potentials within the projector augmented wave
method®%* (details are also presented in the SI of Ref.?). The energy cutoff for
the plane wave expansion was 540 eV. The Brillouin zone has been sampled with
a 8 x 8 x 1 I'-centered grid of k-points. Convergence was facilitated using first
order Methfessel-Paxton smearing® with a width parameter of 0.1 eV. These
input parameters to the plane wave DFT calculations have been established on
the basis of convergence tests described in Section S2 of the SI of Ref.92. The
calculations for the PES have been performed with a user-modified version of
the Vienna ab initio simulation package® ¢ (Vasp5.4.4) that allows calculations
with a weighted average of the exchange parts of the PBE and RPBE DFs.

4.2.3 Interpolation of PES

The Hs-surface PES was interpolated using the corrugation reducing procedure
(CRP)*,with the formula

Iep(X,Y, Z,7,0,0) = Vep(X,Y, Z,1,0,0)—R3p(Xa,Ya, Za)—Rsp(Xp, Y5, ZB)

(4.2)
in which Vgp is the full 6D PES of the Hy/surface system, Igp is the so-called
6D interpolation function of the Ho /surface system, Rsp is the 3D PES of the
H /surface system and (Xp,Yp, Zp) are the Cartesian coordinates of H-atom
D = A or B. Equation 4.2 recognizes that most of the corrugation and the
anisotropy of the Ha-surface interaction is due to the interaction of the closest
H-atom to the surface, so that subtracting the H-atom - surface interactions from
the full Hy - surface interaction Vip leads to the much smoother interpolation
function Igp??. The three-dimensional (3D) atom-surface PES is in turn written
as

Rap(X,Y,Z) = Isp(X,Y, Z) + Y _ Vb(Ri). (4.3)
J
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Equation 4.3 recognizes that a smoother function (the 3D interpolation function
Isp) can be obtained by subtracting from the corrugated H-surface interaction
the sum of pair interactions Vp(R;), where the R; are the distances of the H-atom
to the nearest surface atoms labeled by i.

The interpolation procedure used for the PES of Ho+Al(110) is the same as
used for Hy on Cu(110) in Ref.%”, where the procedure has been described in
detail, albeit with respect to a coordinate system that was rotated relative to
that in Fig. 4.1A by 90°. For the interpolation of I3p, 22 configurations of (X,
Y, 0, ) are used, spread over five different sites (X, Y), i.e., the top site, the
hollow site, the long-bridge site, the short-bridge site, and a site located halfway
between the top and the hollow sites which is called the C-site (See Fig. 4.1).
These configurations are identical to the configurations described in Ref.57.

The interpolation is done in several steps: First, for every configuration,
the interpolation is performed over the r and Z degree of freedom. For this
interpolation, a 22 x 17 (r x Z) grid is used, employing a two-dimensional (2D)
cubic spline interpolation, over the range in r defined by 7min = 0.4 A and

Tmaz = 2.99 A and the range in Z defined by Z,,;, = 0.0 A and Zomaz — 4.0 A.

Then, for every site, the interpolation is performed over the 6 and ¢ degrees of
freedom using symmetry-adapted products of sine and cosine functions. Finally,
an interpolation over X and Y is performed, for which again symmetry-adapted
products of sine and cosine functions are used. At long-range, we apply a
switching function between 3.5 A and 4.0 A from the full 6D potential to a 2D
asymptotic gas-surface potential that only depends on r and Z, because far away
from the surface, the corrugation and anisotropy of the PES are vanishingly
small. This asymptotic potential is represented by

‘/2D(Ta Z) = ‘/ext(Z) + Vgas(r) (44)

where Veyt is a function closely describing the dependence of the PES on Z
beyond Z — 3.5 A for the BG6 geometry(see Fig. 4.1C), and Vgas defines the

H-H interaction calculated with Hy positioned in the middle of the vacuum.

Between Z = 3.5 and 4.0 A Vext(Z) is positioned more or less halfway between
the extremes of the full 6D interaction potential computed with the 22 different
configurations (combinations of impact site and orientation), these extremes
being apart by no more than 26 meV for Z — 3.5 A, and by no more than 8 meV
for Z = 4 A. For the interpolation of Isp, the same 9 sites in (X,Y) are used for
the H-surface interaction as used in Ref.®”. The function Vp(R;) describes the
interaction of an H atom with the surface above the top site, as used previously
for the investigation of Hy + Cu(110)%.
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4.2.4 Calculations of observables

The sticking probability measured in a molecular beam experiment can be
computed using!437:46

fO T, mon(Ei;Tn)dU
fo v; Ty )dv

In Eq. 4.5, Eq, is the average collision energy, and Smon (E;; T1) is an intermediate
quantity, which may be called the monochromatic sticking probability. To
compute the sticking probability this quantity needs to be averaged over the
velocity distribution, which can be written as®69

So(Eav; Tr) = (4.5)

f(v; Tw)dv = Cvd exp[—(v — v0)? /a?]dv. (4.6)

Here, v is the molecule’s velocity towards the surface that is related to the
incidence energy by E; = %va , m being the mass of the molecule, and the
parameters characterizing the velocity distribution of the beam are the stream
velocity vy and the width parameter «, while C is a normalization parameter.
The beam parameters used are given in Table 4.1. These parameters were
taken from Ref.*® (i.e., they were taken from Tables S5 and S6 of that paper),
in which they were obtained by performing fits of TOF spectra and from a
plot of the speed ratio vs. the average incidence energy. The TOF spectra
and the plot referred to were taken from the PhD thesis of Berger?®, which
describes experiments on Hg colliding with Cu(111) as well as the experiments on
Hy+Al(110) we will compare with in future (A.D. Powell et al., to be published).

The monochromatic sticking probability can be computed using
Smon(Ei, Tn) ZFB v, j, Tn) Ru i (E;) (4.7)

Here, j is the rotational quantum number. The Boltzmann weight is given by

w(G)F (v, j, Tn)

FB l/,j, Tn =
( ) ZV;nag,“]]l'm,aoz w(] )F(V’,j/, TH)

(4.8)

in which
F(VajaTﬂ) =

(2 + 1) exp(—Eyin(v, 7)) /k5T0) exp(—Eror (1, 1)) /0.8k5T) (4.9

In Eq. 4.7 R, j(E;) is the degeneracy averaged reaction probability, i.e.,
the average over the (2j + 1) fully initial state resolved reaction probabilities
Ry jm; (E;), where my is the magnetic rotational quantum number (the projection
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of j on the surface normal). In Eq.( 4.8), the summation runs only over the
values of j with the same parity as j. In equation ( 4.9) E,; and E,, are
the vibrational and rotational energy, respectively, of the (v, j) state and kp is
the Boltzmann constant. In these equations, it is assumed that the rotational
temperature of the molecules is 0.8 times the nozzle temperature (T;.,; = 0.87,,
)2L70TL and that the vibrational temperature is equal to the nozzle temperature
(Tyir—=T,)*"™. We assume that the fractions of ortho and para-Hs and Dy are
equal to those i m the high-temperature limit, and given by w(j). Then for Ha,
w(j) is equal to Z for even j and 2 for odd j.

It is rather trivial to rewrite Eqgs. 4.7-4.9 in terms of the fully initial-state
resolved reaction probabilities. We will nevertheless provide the equations as it
makes it easier to explain the procedure we use for averaging over rovibrational
states in the QD calculations below. The equations are:

Vmaz Jmaz

Smon(Bi, Tu) = Y > Z Fium (v, §, To) Rujm; (Ei) (4.10)

v=0 j=0 m;=0

(i) (my) (1. To)
Do S S o W e (1) o (v, 5, Tr)

Fn(v,j, Ty) = (4.11)

Fo(v,5,Ty) = exp(—Euwin(v, 7))/ kBTy) exp(—Erot (v, 7)) /0.8kgTy) (4.12)

In having the sum over m; from 0 to 475 in Eqgs. 4.10 and 4.11, we have used
that Ry j —m;(Ei)(E;) = Ry jm;(E;) , which we take into account through the
weight factor wy, (m;) = (2 — i, 0) in Eq. 4.11.

The integration in Eq. 4.5 and the summation in Eq. 4.7 or Eq. 4.10 can be
performed in different ways. In QCT calculations the computation of reaction
or sticking probabilities always involves the selection of initial conditions using a
Monte-Carlo integration (or Monte-Carlo averaging) procedure. If this procedure
is to be used in the computation of initial sticking probabilities to select e.g. the
impact site and the initial orientation of the molecule, one might as well use
Monte-Carlo integration throughout in the procedure to compute Sy. In this
often used procedure, which may be referred to as "full Monte-Carlo averaging"
(FMC), Sy is computed in a single calculation with the use of a Monte-Carlo
averaging procedure in which the initial velocity of the molecule and the initial
rovibrational state are selected according to the initial conditions. This is done
on the basis of an appropriate statistical procedure involving random number
generation, effectively using Eqs. 4.5 and 4.10. If, on the other hand, the
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TDWP method is used to compute Sy it makes much more sense to compute the
integral in Eq. 4.5 by performing a Riemann sum, because the TDWP method
yields reaction probabilities over a range of closely spaced energies instead of
one energy at a time3". In this case the normal procedure is to obtain results
for a range of vibrational states running from v=0 to V4., and from j =0 to
JImaz, Where jmq. may depend on v, and one can use either Eqgs. 4.5 and 4.7 or
Egs. 4.5 and 4.10. Because in this procedure Monte-Carlo averaging is used
in neither the integration over incident velocity nor the averaging over initial
states, we call this procedure "no Monte Carlo averaging" (NMC). As we are
performing QD calculations and comparing QCT calculations to QD (TDWP),
the procedure last mentioned (NMC) is the default procedure we typically follow
in QCT calculations. A full quantum-classical comparison could then involve
a very large number of QD calculations, i.e., for as many states as used in the
NMC quasi-classical procedure. Fortunately, as we will show, it is also possible
to use a partial Monte-Carlo averaging procedure (PMC), in which the sum
in Eq. 4.10 is performed using Monte-Carlo averaging over initial rovibrational
states. Specifically, rewriting Eqs. 4.10 and 4.11 we can then perform the sum
over a much smaller number of N states:

Niel

Swon (Ei, Tn) Z Fpmk(v(k), (), To) Ry (k). j(k),m,; (k) (£4) (4.13)

w () wm (my) F (v (k), (k) Tn)
st w( (k) w () (k) F (v (k) 5 (k) )

Equations 4.13 and 4.14 state that in the PMC procedure we used, each
rovibrational state (v, j, m; > 0) included in the sum is selected with equal
weight (i.e., without taking into account the weight factors in Eq. 4.12 and 4.14)
for performing a QCT or QD calculation of Ry jm;(E; ). Here, each state can
only be selected once. The weights in Eqs. 4.12 and 4.14 are of course taken
into account in computing Sy through Eq. 4.13, but the Ny number of selected
(v, j, mj > 0) states all had an equal chance to be selected for use as an initial
state in a dynamics calculation.

An important point is that in principle Ny , and the actual rovibrational
states selected, should be the same in all beam simulations to take advantage
of the feature of TDWP calculations that they provide results for a range of
incidence energies, but for only one initial rovibrational state™. Varying Nge; or
keeping it the same but using different initial rovibrational states would lead

Famk(v(k),j(k), Tn) =

(4.14)
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one to either discard quantum dynamics results that are available anyhow or to
perform a needlessly high number of computationally expensive QD calculations.

To keep Ny as low as possible in view of the computational cost of QD
calculations, the following procedure was used. For a given number of Ng,
the states to be used are generated, and the PMC value of Sy, i.e., So(PMC),
is computed with QCT. If within a reasonable number of trials we find that
|So(PMC)- So(NMC)|/Sp(NMC) < 0.1 for the beam condition corresponding to
the lowest average value of F;, then the value of N, and the corresponding batch
of states is accepted as yielding representative values for Sy. Here an assumption
has been that while statistical fluctuations might lead to somewhat larger relative
errors in the PMC sticking probabilities than 0.1 at somewhat higher average
energies, these larger relative errors should still be of a moderate size, e.g., they
should not exceed 0.2 (20%). We say this even though we assume that the
reaction should be determined by the lowest amount of rovibrational states at
the lowest energy beam condition, making it critical to use a high enough value
of Ny to ensure that at least some of these states are sampled. It should then
be possible to obtain fairly accurate values of Sy at all relevant average incidence
energies with the TDWP method on the basis of the same states in the PMC
procedure with a much smaller computational effort. Bellow we will show that
Ngep = 35 is already small enough for this purpose, while calculations on 319 (v,
J, mj > 0) states would have been necessary with the vp,q; and jpe. parameters
used in the NMC procedure (these parameters are collected in Table 4.2). An
assumption used in this work is that with the rovibrational states thus selected
we can also obtain QD results that are representative of NMC QD results, i.e.,
of the QD results that would be obtained performing QD calculations for all 319
states explicitly.

TABLE 4.1: Parameters used for the molecular beam simulations of Hy on Al(110).

Tn(K) (E; )(kcal/mol) wvp(m/s) a(m/s)

1100 5.10 3679 1525
1400 7.89 3578 2550
1700 9.36 3265 3103
1120 6.00 3500 1996
1330 7.15 3555 2342
1580 8.49 3219 2903

In both the NMC and PMC procedures using the QCT method, we perform
Riemann sums to evaluate Eq. 4.5 in a procedure in which calculations are carried
out for F; in the range 0.05 - 3.05 eV. Cubic spline interpolation is carried out to
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TABLE 4.2: The jyq. parameters determining for which rovibrational states R, j
was taken into account in the NMC and FMC QCT calculations.

NMC FMC
V. Jmaz Jmaz
0 15 20
1 13 20
2 11 20
3 - 20

obtain the initial-state selected reaction probabilities for intermediate energies,
and extrapolation is carried out to obtain the Ry jm, for E;< 0.05 eV. Tests
showed that the upper bound in Eq. 4.5 can be replaced by a value of the velocity
corresponding to F; = 2.20 eV, although the actual upper bound corresponded to
3.05 eV. QD calculations were only carried out up to F; = 1.05 €V; to obtain QD
results, for higher values of F; we simply used the QCT reaction probabilities
computed for these energies.

4.2.5 Dynamics Methods
4.2.5.A Quantum Dynamics

The time-dependent wave packet (TDWP) method3? as implemeted in our
in-house code®'3% was used to solve the time-dependent Schrédinger equation
(TDSE):

d¥(Q;t)

ih=——2= = H(Q)¥(Q;1) (4.15)

In Eq.(4.15) the 6 molecular coordinates described in Section 4.2.1 are given by
Q. ¥(Q;t) is the time-dependent nuclear wave function of the system and H(Q)
is the time-independent Hamiltonian given by

. h? oy h% O? 1

Q)= -ty D9
Q) QmV 2 Or? + 2ur?

J2(0,0) +V(Q) (4.16)

Here, p is the reduced mass of Ho, V and J are the Nabla operator acting on the
center-of mass coordinates of the molecule and the angular momentum operator,
and V' (Q) is the 6D interpolated CRP PES.

To solve the TDSE, an initial wave function is set up as a product of a
Gaussian wave packet u(Zo, k&) centered on Zy with average momentum k% , a
two-dimensional plane wave function (b(k(‘)x , ké/ ) for motion along X and Y, a
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vibrational wave function 1, j(r), and a rotational wave function Yj (6, ) of
incident Hs:
W(Q,t=0) = u(Z; Zo, k§ ) o (kg kg Vb (r)Yim, (0,0) (417

In Eq. 4.17, the two-dimensional plane wave function and the Gaussian wave
packet are defined as

ok k) = ellho XotkoYo) (4.18)
1 [ .
Zo,kE) = / dkb(k; Zo, k& ek 4.19
u(Zo, ky) N (ks Zo, kg )e (4.19)
with )
z 202 4 2(1.2Z 21,7 VA
b(k; Zo, kE) = (ﬂ) e~ (kg —k) gilky —k)Zo (4.20)

Here, o is the width of the wave packet for motion in Z centered around the
initial average momentum kOZ , and k,‘é( and k(})/ are the initial momenta for
motion along X and Y, which are taken equal to zero here to describe normal
incidence. As described in more detail in the SI of Ref.%? the width ¢ is chosen
in such a way that 90% of the Gaussian wave packet is placed in an energy range
E; € [Enmin, Emaz|, and four of these energy ranges are used to generate results
between E;= 0.05 and 1.05 eV. In the expression for the time-dependent wave
function, a Fourier representation was used to represent the dependence of the
wave function on Z, r, X, and Y. Fast Fourier transforms were used to evaluate
the action of the corresponding kinetic energy operators on the wave function”.
We employed a finite basis representation to represent the angular part of the
wave function”™ 7. Eq.( 4.15) is solved numerically using the split operator
method”® using a time step At. A complex absorbing potential (CAP, actually, a
negative imaginary potential of quadratic order’”) is used to absorb the reacted
and scattered wave packet for large values of » and Z, respectively. For high
incidence energies relative to the reaction threshold the scattered fraction of
the wave function is analyzed through the scattering amplitude formalism™® 7,
after which state-to-state scattering probabilities Ps. can be obtained from the
squares of the S-matrix elements3!3%. Summing the P,. and subtracting from 1
then yields the fully initial-state resolved reaction probability Ry jm; (E;).

For incidence energies just above and below the reaction threshold for the ini-
tial (v, j) state we have used the flux analysis method®**! to compute Ry, jm, (E;)
more directly, by analyzing the reactive flux through the five-dimensional surface
at a large enough and fixed value of r = ry = 6.55 ag ~ 3.47 A. This H-H
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distance is far beyond that of the barriers to DC for the system investigated (see
Section 4.2.5.B below) but lower than the value where the CAP absorbing the
reacted part of the wave packet is turned on (see Table S4 of the SI of Ref.%?).
Also, we have checked that using this value yields results equal to those of the
scattering amplitude formalism in the regime where results of the latter method
are not affected by resonances. We found that the calculation of the state-to-state
scattering probabilities (and, thereby, of the R, j m;(E;)) at E; near the reaction
threshold may be hampered by the formation of meta-stable states located in
the entrance channel when using the scattering matrix formalism. This was not
the case with the flux-analysis formalism, presumably because these entrance
channel states do not affect the reaction due to the high barrier (of about 1 V)
to the reaction; instead, they only affect the scattering back to the gas phase.

The input parameters to the TDWP calculations were selected on the basis
of convergence tests. These parameters are discussed in Section S4 of the SI of
Ref.%2 and provided in Table S4 of the SI of Ref.52.

4.2.5.B Quasi-classical dynamics

In performing the classical dynamics calculations we always impart the zero-point
energy to the vibration of Hy, i.e., we use the QCT method?®2??. To evaluate
the initial state-resolved reaction probabilities, we placed our molecule initially
at Z = 8.0 A with a velocity normal toward the surface that corresponds to a
specific initial incidence energy. At this distance, the interaction of the molecule
with the surface is essentially zero. For each initial rovibrational state modeled
calculations were performed for fixed incidence energies in the range 0.05 - 3.05
eV. For each energy and initial rovibrational state, typically Ny = 500,000
trajectories were computed. In all cases, the maximum propagation time is 2
ps. In the calculations using the FMC procedure, Ny = 190,000,000 trajectories
were run for each initial condition. In the FMC procedure states with v up to
3 were included, and the j,,q; values employed with the vibrational states are
listed in Table 4.2.

To solve the equation of motions, the Bulirsch-Stoer method was used®%83.
As in the TDWP calculations, the time-independent Schrédinger equation (TISE)
was solved using the Fourier grid Hamiltonian method®* to determine the bound
state rotational-vibrational eigenvalues of gas phase Hy. The bond distance
and the vibrational velocity of the molecule are randomly sampled from a one-
dimensional quasi-classical dynamics calculation of a vibrating Hy molecule for the
corresponding rovibrational energy**. The orientation of the molecule, specified
by 6 and ¢, is chosen based on the selection of the initial rotational state. The
magnitude of the classical initial angular momentum is fixed by L = /j(j + 1)/h
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and its orientation, while constrained by cos ©r = m;/\/j(j + 1) , is otherwise
randomly chosen as described by Wijzenbroek et al.®>. Here, j is the rotational
quantum number, m; the magnetic rotational quantum number and ©, the
angle between the angular momentum vector and the surface normal. Other
initial conditions are randomly chosen as described in Ref.**. Reaction is defined
to occur if the H-H distance becomes longer than 2.2 A. The initial state-selected
reaction probability can be computed as

Ny
R jim; (B:) =\ (4.21)

where N, is the number of reacted trajectories. The statistical error in the
computed reaction probability, which defines a 68% confidence interval, can be
computed as

R(1—-R)
=y —— 4.22
o= "5 (122)
The reaction probabilities can be used to compute Sy using Eqs.4.5 and 4.7
or 4.5 and 4.13 as described above in Section 4.2.4.

4.3 Results and discussion

4.3.1 The fitted potential energy surface

The accuracy of our CRP 6D potential has been checked by comparing the
interpolated results to the raw DFT data. Fig. 4.2 shows, for six selected high
symmetry configurations (BG1-BG6, called TS1-TS6 in table 5 of Ref.4!, "BG"
stands for "barrier geometry"), two-dimensional (2D) cuts through the PES (also
called elbow plots). In all cases, Hy was oriented parallel to the surface. The
CRP reproduces the DFT data quite well. Moreover, the 2D minimum energy
paths (MEPs) obtained with the CRP are in close agreement with the DE'T
results as shown in the same figure. Furthermore, a quantitative comparison
between the CRP and the DFT results is shown in Table 4.3 for all the BGs
represented in Fig. 4.2. As can be seen, the barrier heights and geometries
derived from the CRP are in excellent agreement with the raw DFT results. The
mean absolute deviation (MAD) associated with the six barrier heights is just
0.24 kcal/mol.
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FIGURE 4.2: Elbow plots of the Hp-Al(110) PES as directly calculated with DFT (red

solid lines) and fitted with the CRP (blue dashed lines). The blue numbers label the

contour lines of the PES. Red (blue) circles indicate the minimum energy path from

reactants to product as computed directly with DFT (obtained from the CRP fit). The

red (blue) square indicates the position of the barrier in 2D as computed with DFT

(interpolated with the CRP). Results are given for the six barrier geometries indicated
in Fig. 4.1C and investigated in Ref.*!.
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TABLE 4.3: Comparison between CRP and DFT of the barrier heights (in keal/mol) and
locations (ry, Zy) (in A), relative to the gas phase minimum, for all the six BGs (table
5 Ref.41). All geometries are for the Hy molecule lying parallel to the surface (6 = 90°).
Also indicated are the signed errors between DFT and CRP (AE = EFRP — pPFT),

Adsorption Site BGl1 BG2 BG3 BG4 BG5 BG6

zprr 1.08 1.56 054 157 077 115
ZorP 1.08 156 055 157 0.63 1.15
rPtT 122 1.08 1.24 134 131 115
ry BP 126 108 124 134 127 115
EDFT 25.3 248 375 378 348 494
ECRP 25.40 24.78 37.73 38.03 35.60 49.44
AE 010 -0.02 023 024 080 0.05

4.3.2 Sticking probabilities computed with quantum and quasi-
classical methods, and their comparison

As a "sanity check", we first performed a comparison of the Sy computed with
the NMC procedure and the FMC procedure. The results show that the vy,
and the (jmaz, ¥ = 0—2)) values used in the NMC procedure (see Table 4.2) were
high enough to yield, for the range of molecular beam conditions investigated
here, values of Sy that are accurate enough for our purposes (see Fig.S1 of the
SI of Ref.%2).

We next investigated the accuracy of the PMC procedure by comparing QCT
results obtained with the NMC and the PMC procedures (see Fig.4.3). Even
though the decisions on which number of states to be included, and which states
to be included in the PMC procedure were taken only on the basis of the results
for the lowest E;, we find that the PMC results are accurate enough for our
purpose for all average F;. The absolute value of the relative error was 1.6% for
< E; > = 5.1 kcal/mol (meeting our requirement that it should be lower than
10%), 15.9% for < E; > = 6.0 kcal /mol, and decreased monotonically from 7.4%
for < E; > = 7.1 kcal/mol to 1.6% for < E; > = 9.4 kcal/mol (meeting our
requirement that it should in no case be higher than 20%). The non-monotonic
dependence of the relative error on average incidence energy can be attributed to
statistics: the selected batch of states is good for < E; > > 7.1 kcal /mol, good
enough for the lower value of 6.0 kcal/mol, and perhaps by chance it is excellent
for the lowest value (5.1 kcal/mol), where the reactivity should be dominated by
the smallest amount of rovibrational states that are thermally populated. We
conclude that the value of Ny (35) is high enough for our purposes, and that the
batch of rovibrational states selected is good enough to yield representative QCT
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FI1GURE 4.3: Sticking probabilities computed with the QCT method using averaging
over all 319 v = 0, 1, and 2 (v, j, m;) states ("NMC") and Monte-Carlo averaging over
only 35 such states ("PMC").



4.3. Results and discussion 157

results, and that it should therefore in principle suffice to base the QD-QCT
comparison on the results for this batch of rovibrational states only.

We compare R, jn, (E;) computed with QD and QCT dynamics for three
initial rovibrational states (with v = 0, 1, and 2, respectively, with these 3
states contributing to the Sy computed with the PMC procedure) in Figs.4.4A-
4.4C. The trends we see in typical comparisons of QD and QCT results for
specific initial rovibrational states are exemplified in this plot. We usually
see that the differences between the R, j,, (E;) computed with QD and QCT
dynamics become increasingly small for F; increasing and approaching the
reaction threshold for the specific initial rovibrational state. This reaction
threshold is close to ~ 23.8 kcal/mol = 1.03 eV for the (v=0, j=2) state for
which results are presented in Fig.4.4A, the minimum barrier height of the
CRP potential being 24.8 kcal/mol), while it is lower for the other initial states
included in the sum of Eq.4.10, which have higher rovibrational energies. At
lower energies we typically see QD reaction probabilities that are higher than the
QCT results, which we attribute to tunneling. The opposite is also sometimes
observed (see the result in Fig.4.4A for the highest E; ), which is most likely
due to artificial zero point energy conversion (in the QCT method conservation
of zero-point energy during the trajectory is not guaranteed?’).

Figure 4.5 shows the effect of the type of differences typically observed
between QD and QCT values of R, jn,(E;) for particular individual (v, j, m;
) states (see Fig. 4.4) on the Sy curves computed with QD and with QCT
dynamics. Especially at low < E; > the QD Sy are considerably larger than
their QCT counterparts (by 80% and 32% at < E; > = 5.1 and 6 kcal/mol,
respectively, decreasing to only 5% at 9.4 kcal/mol). As a result, the QD Sy
curve is shifted towards lower values of the average incidence energy than the
QCT curve, with the value of the energy shift decreasing towards larger < F; >.
As a result of the decreasing value, the difference in the curves cannot really be
quantified well with the single average value of the energy shift (0.11 kcal/mol).
The computed energy shifts are substantially smaller than the accepted criterion
of chemical accuracy (which is 1.0 kcal/mol). Nevertheless it should still be good
to correct for quantum effects and artifacts of the QCT method (i.e., zero-point
energy conversion lack of quantization once a trajectory has been started) once
comparisons with experiments are made to enable maximally reliable conclusions
regarding the accuracy of the electronic structure approach used to generate the
PES in the dynamics. However, it is important to note that quantum corrections
to the sticking curve are not likely to have a big effect on the evaluation of
the accuracy of an electronic structure method through the usual procedure, in
which computed and measured sticking probability curves are obtained and the
accuracy of the barrier is judged on the basis of the energy shift between these
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FIGURE 4.4: R, jm;(E;) computed with QD (black line) and QCT (blue squares)
dynamics are compared for three different initial rovibrational states, of which one with
v=0 , one with v=1, and one with v=2.
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FIGURE 4.5: Sticking probabilities computed with QD (blue squares) and with QCT

(red circles) dynamics using the PMC procedure are compared. The distances along

the energy axis (in kcal/mol) between the QD sticking probabilities and the spline
interpolated QCT sticking curve are also presented in blue.

4.3.3 Analysis of the size of the quantum effects on the sticking:
role of vibration and incidence energy

It is interesting to note that the energy shifts between the QD and QCT curves
in Fig.4.5 appear as rather small, and that from this point of view the quantum
effects on the sticking probability appear to be rather small at E; much smaller
than the minimum barrier to DC (24.8 kcal/mol). To explain this, we have
analyzed our NMC QCT results in some detail. We have looked at the effect of
the distributions of the initial vibrational state of Hy and of its E;, where both
are ultimately governed by the 7T, used in the experiments using pure beams, as
employed for Hy + Al(110)?°. Figure 4.6 shows the percentage contribution to
Sop of Hs in specific initial vibrational states for the average incidence energies
investigated here. At the lowest < E; > (5.1 eV) the sticking is dominated by
v=1 Ho, and the sticking of =2 Hs is much more important than the sticking
of v=0 Hy. The reaction of v=1 Hy also dominates the sticking at < F; > =
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FIGURE 4.6: Histogram of the percentage contributions to Sy of Hy in its =0 (blue
bars on the left), v=1 (green bars in the middle), and v=2 (red bars on the right)
vibrational states to the sticking at the six different average incidence energies shown.

6.0 and 7.15 eV, and it remains important even at higher F;. Part of the reason
for the small quantum effects as perceived here may therefore be that a small
fraction of the Hs molecules is incident in high initial vibrational states, which
may help them to react in a classical "over the barrier" fashion without the need
for tunneling. We note that experiments were able to show that the activated
sticking of Hy on Cu(111) is dominated by DC of Hj in its v=1 state, and at
very low E; by DC of Hy in its v=2 state?!, and this might likewise explain
why differences between QCT and QC values of Sy were found to be small for
this system as well®?. Similarly, calculations on experiments on Do + Ag(111)
(with an even higher barrier of 31.8 kcal/mol) suggested that the sticking in this
system should be dominated by v=3 D for < E; > = 11.2 kcal/mol®®. Note
that the extent to which the sticking in DC on a surface is dominated by the
contribution of the molecule in a particular vibrational state should also depend
on the distribution of the translational energy of the incident beam, and not just
on the characteristics of the DC system itself.

The role of F; is addressed in more detail Fig.4.7. For three values of
T, (corresponding to < FE; > = 5.1, 7.9, and 9.4 kcal/mol) the percentage
contribution to the sticking of Hs in a particular vibrational state v is shown of
the Hy molecules incident in four ranges of E;, which are indicated in eV. The
minimum barrier height in the PES (24.8 kcal /mol) is approximately equal to
1.08 eV. At < E; > = 7.9, and 9.4 kcal/mol most v=0 molecules react with
E; in excess of the TS energy (i.e., at E; > 1.10 €V), and most v=1 molecules
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FIGURE 4.7: Histogram of the percentage contributions of Hy incident in four ranges

of incidence energies to the reaction of Hs in a particular initial vibrational state v, for

v=0 (red bars on the left), v=1 (green bars in the middle), and v=2 (blue bars on the
right) in the sticking at three different nozzle temperatures.
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react with E; > 0.55 eV. At these conditions most of the v—0 molecules that
react in the QCT calculations are thus able to do so in a classical fashion with
an incidence energy that exceeds the classical barrier height. That they are
able to do so is related to the widths of the translational energy distributions
in the experiments. As Fig.4.8 shows, the 1400 and 1700 K beams still have
a considerable fraction (relative to the computed values of Sp, see Fig.4.3) of
molecules in them with F; exceeding the classical barrier height of 24.8 kcal /mol.

100 4
— T=1100K
— T=1400K
1014 — T=1700K

1072 J

1073 4

N(E)
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1075 4
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1077 & T T " - -
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FIGURE 4.8: Flux-weighted translational energy distributions corresponding to the

velocity distribution expression of Eq.4.6, as determined from Ref*>. for the conditions

corresponding to T,, = 1100, 1400, and 1700 K ( < E; > = 5.1, 7.9, and 9.4 kecal /mol).
The distributions have been rescaled to make their maximum coincide with 1.0.

Whereas at < E; > = 7.9, and 9.4 kcal/mol most =0 molecules react with
FE; > 1.1 eV, most v=1 and v=2 molecules react at smaller E; under these
conditions (see Fig.4.7). The extent to which the sticking is dominated by the
DC of Hy in a particular vibrational state, and how this is related to incidence
energy, depends on how efficiently pre-exciting the vibration of Hy promotes
reaction relative to enhancing F;. This can be expressed by the vibrational
efficacy, which can be defined through??37

__BY(R) - EY(R)
m(R) = Eyin(v) — Eyip(v — 1)

In Eq.4.23, EY(R) is the incidence energy for which R, j—o(E;) first becomes
equal to R , and E,;(v) is the vibrational energy of the molecule in the state

(4.23)
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FIGURE 4.9: The initial-state selected reaction probability for the (v, j=0) state of Hy
is shown as a function of E; for »=0, 1, and 2, indicating energy spacings between the
curves (in kcal/mol) for values of the reaction probability of 0.1, 0.25, and 0.5.
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v. To illustrate the vibrational efficacy in the Hy + Al(110) system, we show
R, j—o(E;) in Fig.4.9 for v = 0, 1, and 2, and vibrational efficacies are presented
in Table 4.4. For v=1 the vibrational efficacy exceeds 1, although it is smaller
than the vibrational efficacy computed for Dy on Ag(111) for R = 0.24, which
was equal to 1.37%%. As also discussed for Dy + Ag(111) in Ref.®® and analyzed
in detail in Ref.®, vibrational efficacies > 1 show that, in the lower vibrational
state (here in »=0), the molecule has to come in at such high F; in order to react
that it cannot follow the minimum energy path and skids off it%%?1. As a result,
it must cross the "mountain pass" from the reactant to the product "valley" at
a higher point than the optimum, lowest one. This effect has previously been
called the bobsled effect??. The high efficiency with which v=1 Hy is able to
react on Al(110) helps with explaining why quantum effects on the sticking in
this system are so small for low Sp: thanks to the high vibrational efficacy v=1
Hs can react in a classical over the barrier type fashion at relatively low incidence
energies. An additional reason that quantum effects on the sticking should be
relatively small for the experiments performed by Rendulic and co-workers is
that the translational energy distributions of their molecular beams are broad*?,
also when compared to Ho beams used by other groups, as discussed in Refs.46:93,
As a result, especially at higher T}, a sizeable fraction of the incident molecules in
the high-energy tail of the beam have a high enough E; to react in in a classical
fashion.

TABLE 4.4: Vibrational efficacies for DC of Hy on Al(110).

7 (R=0.1) n,(R=0.25) n,(R=0.5)
1.01 1.01 1.03
0.67 0.78 0.80

|
= O

AN

4.4 Conclusions

We evaluate the accuracy of the QCT method, or, alternatively, the importance
of quantum effects for the sticking of Hy on Al(110), for conditions that should
be close to the conditions under which molecular beam experiments have been
done on this system?’. For this purpose, QCT and QD calculations have been
done with the BOSS model on a PES obtained with DF'T, which exhibits a
minimum barrier height close to that recently obtained with QMC calculations*!.
To keep the number of QD calculations to be performed small, a procedure
(PMC) was used in which Monte-Carlo averaging over the initial rovibrational
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states of Hy was employed. This procedure allowed the quasi-classical calculation
of sticking probabilities with a relative error < 7.5% for 5 of the six initial
conditions investigated, and of 16% for one of these conditions, at approximately
an order of magnitude less computation time.

The sticking probabilities computed with QD using the PMC procedure
exceed the ones computed with the QCT method by 80 and 30% for the two
beam conditions corresponding to the lowest incidence energies (5.1 and 6.0
kcal /mol), decreasing to only 5% for the highest incidence energy of 9.4 kcal /mol.
The sticking probability curve computed with QD is shifted to lower energies
relative to the QCT curve by 0.21 to 0.05 kcal/mol, with the highest shift
obtained for the lowest incidence energy. These "quantum effects" may be
viewed as being rather small for molecular beam sticking experiments in which
the average incidence energies (5.1-8.5 kcal/mol) are much smaller than the
minimum barrier height of the system investigated (24.8 kcal /mol). The smallness
of the quantum effects are explained on the basis of the large vibrational efficacy
of the system (> 1 for v=1) and on the broadness of the translational energy
distributions of the molecular beams used in the experiments we address, which
mean that sticking can take place through DC of vibrationally excited molecules
in the high incidence energy tails of the molecular beams. We conclude that
"quantum effects" are not expected to play a major role in calculations that
would evaluate the accuracy of electronic structure methods for determining
the minimum barrier height to DC for Hy + Al(110) on the basis of existing
molecular beam experiments, as the verdict would depend on the energy shift
between the computed and the measured sticking probability curve. However,
for maximum reliability of the conclusions on accuracy it would still be good to
take the quantum effects into account, as the maximum shift (0.21 kcal/mol) is
not negligible on the scale of "chemical accuracy" (1 kcal/mol).
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Abstract

We investigate the ability of mixed, parameterized density functionals com-
bining exchange at the generalized gradient approximation (GGA) level with
either GGA or non-local correlation to reproduce barrier heights for dissociative
chemisorption on metal surfaces. For this, seven expressions of such mixed
density functionals are tested on a database consisting of results for 16 systems
taken from a recently published slightly larger database called SBH17. Three
expressions are derived that exhibit high tunability and use correlation func-
tionals that are either of the GGA form or of two limiting non-local forms also
describing the attractive van der Waals interaction in an approximate way. We
also find that, for mixed density functionals incorporating GGA correlation, the
optimum fraction of repulsive GGA exchange obtained with a specific GGA
density functional is correlated with the charge-transfer parameter, which is
equal to the difference of the work function of the metal surface and the electron
affinity of the molecule.
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5.1 Introduction

Transition states formed by the barriers to dissociative chemisorption (DC) can
exert a high degree of rate control over the rates of heterogeneously catalyzed
reactions proceeding over metal surfaces™?, such as ammonia production®* and
steam reforming®. It is therefore important to describe such barriers accurately.
As discussed in several recent papers®? (see also Chapter 3), it is not yet
possible to use non-empirical present-day electronic structure theory to compute
barriers for DC on metal surfaces with guaranteed chemical accuracy (errors < 1
kcal/mol), although the development of an approach based on diffusion Monte-
Carlo certainly holds promise in this respect®. Instead, success with achieving a
chemically accurate description of DC on metals has so far been based on a semi-
empirical approach®?. Here, the specific reaction parameter (SRP) approach to
density functional theory (DFT) is used to compute a potential energy surface
(PES)Y° or to construct forces used in direct dynamics calculations'® 19 and an
empirical parameter in the functional used is tuned to achieve agreement between
calculated and measured DC or "sticking" probabilities, as now documented
extensively elsewheref.

While the SRP-DFT approach has already been highly successful, it is also
important to recognize that there have been some inadequacies in the approach
used so far. An important shortcoming has been that the approach to picking an
expression for the SRP functional has been rather ad hoc”1'”. Approaches used
so far have been (i) to take a weighted average of two exchange correlation (XC)
functionals within the generalized gradient approximation (GGA)%19 (ii) to
take a weighted average of two exchange (X) functionals within the GGA and to
combine the resulting X functional with a GGA correlation (C) functional®®, (iii)
as in (ii), but use a non-local C functional314:18:19 also approximately describing
the attractive van der Waals interaction®!?? (see also Chapter 2), (iv) to take
a GGA exchange functional that was designed to be tunable? and to combine
it with non-local van der Waals correlation!!!2, and (v) to use meta-GGA
functionals either with semi-local correlation® or in combination with non-local
correlation!?.

The time is now ripe to address some basis issues in SRP functional construc-
tion, such as (i) can we use a generic expression of the density functional (DF)
in such a way that the DF will usually work, and (ii) might it be possible to pick
the expression in such a way that the tuning parameter (the "specific reaction
parameter") can be made to correlate with a specific property of the system.
Two recent and closely related developments ensure that the time is now right.
The first is that a new database of dissociative chemisorption barrier heights has
recently become available, which has been called the SBH17 database” (see also

Chapter
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Chapter 3). The database holds reference values of barrier heights to DC for 17
systems, in which Ho, N9, or CH, dissociates over a metal surface. For 14 of these
systems the barrier height was determined using SRP-DFT, while for 3 systems
a more ad-hoc semi-empirical procedure was used to extract a barrier height
from a comparison between theory and experiment” (see also Chapter 3). In a
second development?® it has become clear that the SRP-DFT approach based
on GGA exchange functionals has its limits. So far this approach has only been
successful for systems in which the charge transfer parameter AEcr=WF-EA
=~ 7 eV?. Here WF is the work function of the metal and EA is the electron
affinity of the molecule. The SBH17 database therefore mostly contains systems
for which this condition has been obeyed, which is the case for 16 out of the
17 systems’. For systems with AEcr < 7 €V the use of even one of the most
repulsive GGA X DFs, i.e., RPBE?S, typically leads to underestimated barrier
heights?°.

Here we test several mixed DF expressions to see if we can derive one that
works for all or most systems in the recently published database” we use here.
We also test the suggestion implicit in Ref.?® that the fraction of RPBE exchange
needed in a mixed functional correlates with the value of the charge transfer
parameter AFEqop described above. Our Chapter is set up as follows: In Section
5.2, the Method Section, we give a short description of the database we use,
which is essentially our previously published database with one system removed
from it, in Section 5.2.1. Section 5.2.2 describes the DFs tested and Section 5.2.3
gives computational details. Section 5.3 presents our results, and conclusions
are drawn in Section 5.4.

5.2 Methods

5.2.1 The SBH16 database

The DFs described in Section 5.2.2 have been tested on what we here call the
SBH16 database, which is the recently described SBH17 database’ (see also
Chapter 3) with the Hy + Pt(211) system removed from it. The reason that we
left out the Ho + Pt(211) system described here is that the results for this system
are not that different from those for the Hy + Pt(111) system also contained in
the SBH17 system, so that not so much is to be gained by adding results for the
Hy + Pt(211) system to the results here presented. The SBH17 database holds
results for 8 Hy + metal surface systems (SBH16 for 7 such systems), 2 No +
metal surface systems, and 7 CHy + metal systems. The reference values of the
barrier heights for these systems and the most important geometrical parameters
determining the barrier geometry of the molecule relative to the surface are all
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presented in table 2 of Ref.” (see also table 3.2 of Chapter 3). Chapter 3 also
provides the references to the papers in which fuller descriptions of the barrier
geometries and of how they were derived may be obtained.

A few details regarding the SBH17 database are important to this Chapter.
One is that the barrier heights and geometries are in principle defined best for
the 14 out of the 17 systems (13 in SBH16), for which the reference values were
obtained with SRP-DFT. Results for three systems (CH4 + Ni(100), CHy +
Ru(0001), and Ny + Ru(1010)) were obtained with more ad hoc semi-empirical
procedures, as discussed in detail in Chapter 3. The result that, of the three
systems for which on average the largest errors were found with the density
functionals tested, two systems were among the systems for which more ad hoc
semi-empirical procedures were used (i.e., CHy + Ru(0001), and Ny + Ru(1010))
is consistent with the lower accuracy anticipated for the ad hoc procedure (the
third system for which the DFs tested were least accurate on average was Ho +
Ag(111)). Finally, a useful number characterizing the SBH16 database is the
average value of the absolute values of the barrier heights contained in it, which

is 0.687 eV (15.9 kcal/mol).

5.2.2 Mixed density functional expressions

The XC part of DFs used as SRP-DFs have typically been taken as mixtures
of the X and C components of standard XC DFs. This has the advantage that
constraints enforced in constraint-based X and C DFs can also be enforced in
SRP-DFs?". Based on previous experience, we test the following expressions for
the exchange-correlation part of the mixed DFs:

BR8P = gp{PBE 4 (1 — 2) BXPE + ELPE (5.1)
E}S{'gPsolm — xE)}(ZPBE 4+ (1 . w)E>};BEsol + EgBE (5 2)
E}b;gPa:—vdWI — mE}I{%PBE + (1 _ w)E)IzBE + EgdW—DFl (53)
E}S{IC%Pm—vdW2 — E}]{%PBE + (1 _ $)E§BE + EédW—DF2 (5 4)

(5.5)

SRPsolz—vdW?2 __ RPBE PBEsol vdW —-DF2
ELé = by +(1—-=2)FEx + B¢

and
E}S{'gpm—vdWI—ext — E}S{ng—vdWI’ Zf > 0. (56&)

E}%gpa:—vdW1—ezt — E)F(’BEO& + EgdW_DF17 if x= (_1 + Oé) < 0. (56b)
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and

E)S;IC%Pa:fvdW27ext — E)EgPa:fvdW% Zf x> 0. (57&)

E}S{'gpm—vdW2—ewt _ E}IE’BE@ + EédW_DF2, if T= (_1 + Oé) <0. (57b)

The Eigp * DF of Eq.5.1 has been used to arrive at a reparameterized
SRP DF for Hy + Cu(111)?°, the original version being a weighted average of
the RPBE?® and PW91?® DFs?. In the limit £ = 0 the DF defined by Eq.5.1
corresponds to the PBE?? DF, and in the limit & = 1 it corresponds to the RPBE
DF (which has the PBE C DF as the correlation part of its exchange-correlation
functional?0). The PBE DF may be seen as a faster and easier-to-evaluate
version of PW912Y. Choosing Eq.5.1 in attempts to derive an SRP DF for a
DC-on-metal-surface system is in accordance with conventional wisdom that
PBE often under-predicts and RPBE often over-predicts the barrier height for
DC on a metal surfacef.

A drawback of using Eq.5.1 is that with PBE the barrier height for DC on a
metal surface may also be overestimated in specific cases, even though this DF
has a negative mean signed error (MSE) of -58 meV for the SBH17 database”.
For this database, overestimated (though often not by much) barrier heights
were observed for a few weakly activated or non-activated Ho-metal systems (Hs
+ Pt(111), Pt(211), and Ru(0001)), for Hy + Ag(111), and for a few CHs +
metal surface systems (CH4 + Ni(100), Pt(211), and Ru(0001)). To avoid this
we replaced the X DF of PBE by the X DF of PBEsol®?, which tends to yield
lower barriers, this way obtaining the Eﬁgp zsol mixed DF of Eq.5.2. It should
be noted that for £ = 0 E§gp zsol does not equal the PBEsol functional, which
employs the same expression for the C functional as PBE but uses a different
value of a coefficient in it to balance the C part of PBEsol against its X part3C.
However, as we will show the use of Eg%gp zsol comes with the advantage that
where necessary it yields lower barrier heights for DC on metals than E}s{*gp z
and thus E)%gp zsol is more tunable than Eg?gp *_ Below, we will call the x = 0
limit of E}s{*gp zsol PBEsolc, to distinguish it from PBEsol.

A drawback of both Eqgs.5.1 and 5.2 is that the attractive van der Waals
interaction between molecule and surface is not described with a GGA correlation
functional, even though this may be necessary for weakly activated DC of Hy on
metals (where the barrier is usually at a fairly large molecule-surface distance so
that a proper description of the van der Waals interaction may be important
in spite of its weakness!!'?) or for CH, dissociating on a metal surface!$:!9.
For this reason we also test the DFs of the forms Eigp z=vdW1 of Fq.5.3 and
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Eigp @=vdW2 f Bq.5.4, which contain the vdW-DF1 C functional?! and the
vdW-DF2 C functional®?, respectively. The E’;gp z=vdW1 functional has been
used successfully to describe supersonic molecular beam experiments on CHy +
Ni(111)'®, Pt(111)'?, and Pt(211)'? and on Hy + Ru(0001)'?. The E{&F=—vdW2
functional has been used successfully to describe Hy + Ru(0001)!% and Ni(111)4
(see also Chapter 2).

The DFs described by Egs. 5.3 and 5.4 may have a similar problem as the
DF described by Eq.5.1, i.e., that the barrier height is already overestimated
with & = 0, including PBE exchange only. For instance, the SRP-DF found
for Hy + Pt(111)'" and Pt(211)'2 is given by Egg @=050vaW2 - pPBEa=057 4
EgdW_DFZ, where E§3Ea:0'57 is the inherently tunable PBEa X DF??, with «
— 0.57. As discussed by the developer of the PBEa X functional?®, PBEa—1
corresponds to the PBE functional, while PBEa=0.52 is very similar to the X
part of the WC functional®!, which like PBEsol*° was developed with a view
to a better description of the solid state. The Ea7® W2 with o = 0 (only
PBE exchange) overestimates the barrier height for almost all systems in the
SBH17 database. For this reason we have also tested the DF Eigp @sol—vdW2
of Eq.5.5, which for = 0 consists of PBEsol exchange and the vdW-DF2

correlation functional. In this limit this DF is expected to yield low barriers like
PBEa=0.57,vdW2
Exc :
To increase the tunability of a mixed DF expression like given by Eqs.5.1, 5.3,

and 5.4, PBE exchange can be replaced by PBEsol exchange, as done in Eq.5.2
to obtain a better tunable DF than the DF of Eq.5.1, and in Eq.5.5 to obtain
a better tunable DF than the DF of Eq.5.4. An alternative already implicitly
used in the construction of SRP-DFs is to replace PBE exchange by PBE«
exchange with a<1, as done to obtain E{&T#~vAW1=et of Fq.5.6 (which should
be more tunable than Eigp 2=vdW1 of £q.5.3) and to obtain Eg?gp e-vdW2-—ext
of Eq.5.7 (which should be more tunable than Eigp @=vdW2 of £q.5.4). We have
not made use of the possibility of the PBE«a functional to interpolate between
PBE and RPBE exchange, as the PBE«a X functional corresponds to the RPBE
X functional only in the limit @ — oo, which is a rather awkward limit to work
with, and less preferred to a situation where switching from PBE to RPBE
exchange can be performed by switching a parameter continuously from 0 to 1,
as can be done in Egs. 5.1, 5.3, and 5.4.

The DFs of Egs. 5.1-5.5, 5.6a, and 5.7a have been evaluated for £ = 0, nAzx
with n=1-9, and, and 1.0, modifying & by steps Ax equal to 0.1. The DFs of
Eqs.5.6b and 5.7b have been evaluated for a=0.57 (z = -0.43), «=0.70 (z =
-0.30), and a=0.85 (x = -0.15). For each system the best value of & was defined
for the DFs given by Eqs.5.1-5.7 as described in more detail below. If for the
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resulting ¢ we have 0.0 <x < 1.0 for a DF defined by one of the FEqs.5.1-5.5 the
interpolation was successful and the DF expression can be used for the system
considered. Similarly, if for the resulting  we have -0.43 < x < 1.0 for a DF
defined by one of the Eqs.5.6-5.7 the interpolation was successful and the DF
expression can be used for the system considered. Otherwise, extrapolation was
used, and the corresponding generic DF was found not to be able to describe
the system successfully.

5.2.3 Computational details

The minimum barrier height is computed as

Eb = ETS - Easym~ (58)

In Eq.5.8 Epg is the energy of the system (molecule + surface) at the
minimum barrier geometry, while Fqgy,, is the energy of the system with the
molecule in its equilibrium geometry at a distance from the surface such that
molecule and surface no longer interact. In the so-called medium algorithm that
we use, which is defined and explained in detail in Chapter 3, the surface is set
up following DFT geometry optimizations of the bulk lattice (to determine the
bulk lattice constant(s) with the DF used) and of the metal slab representing
the surface (to determine interlayer spacings in the metal surface slab exposed to
vacuum according to the DF used). The geometry of the molecule relative to the
surface is taken from earlier SRP-DFT calculations as described in Chapter 3
(see also table 3.2 of that Chapter). In the asymptotic geometry the equilibrium
distance of the molecule is likewise computed with the DF tested”. A crucial
point is that the surface is not allowed to relax with respect to the incoming
molecule in the calculation of Fpg. A minor difference with Chapter 3 is that in
the present work the geometry optimization of the bulk representing the surface
was done using the geometry optimization method implemented in VASP. In the
earlier calculations of Chapter 3, a parabola was fitted to the energy of the
bulk as a function of the lattice constant, and minimization used to establish the
bulk lattice constant. The new approach led to small differences in the values of
the barrier heights (of 10 meV or less) with respect to the early results when
available for the particular DF tested.

All DFT calculations were performed with a user-modified version of the
Vienna ab initio simulation package®?° (VASP5.4.4). We also used the Atomic
Simulation Environment (ASE)3637 as a convenient interface package. All
calculations using the vdW-DF1 or vdW-DF2 C functionals were done with the
algorithm of Roman-Pérez and Soler®® to speed up their evaluation. All other
details regarding the calculations (concerning the pseudo-potentials used, the
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handling of spin-polarization in systems containing Ni, the number of metal
layers in the slab representing the surface, the size of the surface unit cell, etc.)
are the same as in Chapter 3, to which we refer for these details.

5.3 Results and discussion.

5.3.1 Equilibrium lattice constants computed with mixed den-
sity functionals

Equilibrium lattice constants computed with the mixed density functional ex-
pressions not incorporating the van der Waals interaction are shown in Table
5.A.1 of the Appendix, stepping through  in SRPx and SRPxsol in steps of
0.1 (results for the other mixed DFs not shown). Comparing with zero-point
energy corrected experimental values we obtain the usual result that the PBE DF
somewhat underestimates and that RPBE overestimates lattice constants340.
The PBEsolc DF (we recall that PBEsolc is the name we use for the DF with
PBEsol exchange and PBE correlation) tends to somewhat underestimate the
lattice constant. The PBEsol DF would be expected to do rather well for the
lattice constant?® and we suspect that PBEsolc somewhat underperforms as
using PBE correlation with PBEsol exchange should lead to a somewhat unbal-
anced functional®’. One might of course vary z in the SRPxsol DF to obtain
the correct lattice constant, but this is not likely to lead to the correct barrier
height as GGA DFs yielding good molecule-surface interaction energies tend to
overestimate metal lattice constants30:4!.

5.3.2 Performance of limiting forms of the mixed density func-
tionals

To get an impression of how the mixed density functional expressions will perform
as generic expressions for fitting SRP functionals, it is a good idea to look at
how their limiting forms perform and compare. For this we first consider the
limiting forms of the mixed expressions not using van der Waals correlation
functionals, i.e., SRPx (Eq.5.1) and SRPzsol (Eq.5.2), which are PBE and
RPBE, and PBEsolc (we recall that this is the name we use for the DF with
PBEsol exchange and PBE correlation) and RPBE. Figure 5.1 shows that for
each system in the SBH16 database the barrier height obtained with PBE is
lower than that obtained with RPBE, which correlates well with the finding
that PBE often underestimates while RPBE often overestimates barrier heights®.
Also, for each system in the SBH16 database the barrier height obtained with
PBEsolc is lower than that obtained with PBE, suggesting that for the purpose of
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fitting barrier heights the SRPxsol expression will be tunable over a wider range
than the SRPz expression. The barrier heights computed with the PBEsolc,
PBE, and RPBE functionals may also be found in Table 5.A.2 of the Appendix.
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FIGURE 5.1: The barrier heights E; computed with the PBEsolc, the PBE, and the
RPBE DFs are shown as a function of the charge transfer parameter for the 16 systems
present in the SBH16 database.

Barrier heights obtained for each system in the SBH16 database with the
limiting forms of the SRPx (Eq.5.1), SRPzvdW1 (Eq.5.3), and SRPx-vdW2
(Eq.5.4) expressions are shown in Fig.5.2 for PBE, PBE-vdW1 and PBE-vdW2,
and in Fig.5.3 for RPBE, RPBE-vdW1, and RPBE-vdW2. Whether PBE or
PBE-vdW1 yields the lowest barrier height is seen to depend on the value of
AFEcr: for AEcr < 8.055 ¢V, PBE yields the lowest barrier height, while for
AFEcr > 8.395 ¢V , PBE-vdW1 yields the lowest barrier height. While this
might look odd, one should remember that the correlation part of the vdW-DF1
functional is not just a van der Waals term that is added to an energy expression
excluding the attractive dispersion interaction (e.g., the PBE energy). Rather,
the vdW-DF1 correlation functional is a different correlation functional than the
PBE correlation functional. There is thus no a priori reason that the PBE-vdW1
energy should always be lower than the PBE energy, or vice versa. Furthermore,
the barrier obtained with PBE-vdW2 is almost always higher than that obtained
with both PBE-vdW1 and PBE (only for Ha + Ru(0001) is the barrier higher
for PBE-vdW1 than for PBE-vdW2). The findings for RPBE, RPBE-vdW1,
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and RPBE-vdW2 (Fig.5.3) are analogous to those for PBE, PBE-vdW1, and
PBE-vdW2 (Fig.5.2). The barrier heights computed with the PBE, PBE-vdW1,
PBE-vdW2 and RPBE functionals may be found in Table 5.A.2 of the Appendix,
and the barrier heights computed with the RPBE-vdW1 and RPBE-vdW2
functionals may be found in Table 5.A.3 of the Appendix.
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FI1GURE 5.2: The barrier heights E; computed with the PBE, the PBE-vdW1, and the
PBE-vdW2 DFs are shown as a function of the charge transfer parameter for the 16
systems present in the SBH16 database.

Barrier heights obtained for each system in the SBH16 database with the
lower-limit-forms of the SRPzsol (Eq.5.2) and SRPzsol-vdW2 (Eq.5.5) expres-
sions are shown in Fig.5.4 for PBEsolc and PBEsol-vdW2. As can be seen the
barriers obtained with PBEsolc-vdW2 are always higher than those obtained
with PBEsolc, suggesting that the SRPxsol-vdW2 DF may be slightly less tun-
able than the SRPaxsol DF, which yields very low barriers. The barrier heights
computed with the PBEsolc functional may be found in Table 5.A.2 of the
Appendix, and the barrier heights computed with the PBEsol-vdW2 functional
may be found in Table 5.A.3 of the Appendix.

Finally, barrier heights obtained with the PBEa-vdW1 and PBEa-vdW2 DFs
are compared in Fig.5.A.1 of the Appendix for a = 0.57, which is the lowest value
of o used here. Figure 5.A.1 shows that the PBEa-vdW1 DF consistently yields
lower barrier heights than the PBEa-vdW2 DF with = 0.57. This suggests
that the PBEa-vdW1 DF is a better tunable mixed DF than the PBEa-vdW2
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FIGURE 5.3: The barrier heights E; computed with the RPBE, the RPBE-vdW1, and
the RPBE-vdW2 DFs are shown as a function of the charge transfer parameter for the
16 systems present in the SBH16 database.
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FI1GURE 5.4: The barrier heights E; computed with the PBEsolc and the PBEsol-vdW2
DFs are shown as a function of the charge transfer parameter for the 16 systems present

in the SBH16 database.

DF, as the RPBE-vdW1 and RPBE-vdW2 DFs overestimate the barrier height
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for each system in the SBH16 database (see the discussion of Table 5.1 below).

Table 5.1 shows mean absolute errors (MAEs) and mean signed errors (MSEs)
for the SBH16 database, also comparing to the previous SBH17 results for those
DFs that have previously been tested on this database”. Here the error for a
specific system is defined as the difference between the barrier height computed
here and the reference value tabulated in Ref.” for that system. As can be seen
the MAEs and MSEs computed here for SBH16 differ from previous results
known from SBH17 by no more than 10 meV, underscoring the reliability of the
results presented here. As previously found, the PBE DF is the best performing
DF in terms of the MAE, the MAE being lowest for the PBE DF. Importantly
for this study, the DFs serving as upper limits for mixed DFs here (RPBE for
SRPx of Eq.5.1 and SRPxsol of Eq.5.2, RPBE-vdW1 for SRPz-vdW1 of Eq.5.3
and for SRPz-vdW1-ext of Egs.5.6, and RPBE-vdW2 for SRPxvdW2 of Eq.5.4,
SRPzsol-vdW2 of Eq.5.5, and SRPz-vdW2-ext of Eq.5.7) all have their MSEs
equal to their MAESs, suggesting that these DFs all systematically overestimate
the barrier height. This is actually a good quality of a functional that is meant
to serve as the upper-limit-form of a mixed DF. The PBEsolc DF, which is
the lower-limit-form of the SRPxsol DF of Eq.5.2, shows a MSE that is equal
to minus its MAE, suggesting that this DF systematically underestimates the
barrier height. This is a good quality of a functional that is meant to serve as the
lower-limit-form of a mixed DF, and in view of the behavior of the RPBE DF we
expect that the SRPxsol DF of Eq.5.2 will perform well as a generic expression for
reproducing barrier heights by tuning its x-parameter. Unfortunately PBE (the
lower-limit-form of SRPz of Eq.5.1), PBE-vdW1 (the lower limit of SRPz-vdW1
of Eq.5.3), PBE-vdW2 (the lower limit of SRPz-vdW2 of Eq.5.4), PBEsol-vdW2
(the lower limit of SRPzsolvdW2 of Eq.5.5), PBEa57-vdW1 (the lower limit of
SRPz-vdW1-ext of Egs.5.6) and PBEa57-vdW2 (the lower limit of SRPz-vdW2-
ext of Eqs.5.7) all have that their MSE is not equal to minus their MAE, meaning
that these DFs do not systematically underestimate the barrier height for the
systems in SBH17. Of these DFs, on the basis of the correspondence between
their MAE and the negative of their MSE, PBEsol-vdW2 and PBEa57-vdW1
are expected to function best as lower-limit-forms, and consequently the mixed
DFs SRPzsol-vdW2 and SRPz-vdW1-ext are also expected to perform well as
tunable mixed DFs.

5.3.3 Performance of mixed density functionals as tunable SRP
DFs

Figure 5.5 illustrates how we find the optimal value of & for each mixed DF by
showing how this was done for the particular examples of the Hy + Cu(111) and
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TABLE 5.1: Performance of the DFs that represent limiting forms of the mixed density

functionals tested on the SBH16 database using the medium algorithm. The mean

absolute errors (MAE’s) and the mean signed errors (MSE’s) are presented in eV for

all density functionals investigated here. For the density functionals for which these

results are available we also present MAE’s and MSE’s computed previously for the
closely related SBH17 database”.

Functional Med Algo
MAE MSE MAE-SBH17 MSE-SBH17

PBE 0.107 -0.065 0.103 -0.058
RPBE 0.235 0.235 0.228 0.228
PBEsolc 0.458 -0.458 - -
PBEsol-vdW-DF2 0.269 -0.265
PBE-vdW-DF1 0.128 -0.020 - -
PBE-vdW-DF2 0.148 0.117 0.141 0.112
PBEa57-vdW-DF1 0.209 -0.185 - -
PBEa57-vdW-DF2 0.132 -0.042 0.124 -0.040
RPBE-vdW-DF1 0.278 0.278 - -
RPBE-vdW-DF2 0.424 0.424

[ Average [ 0.239 T 0.002 ]

CHy + Pt(111) systems using the mixed DFs SRPx and SRPzsol of Egs.5.1
and 5.2. As Figs.5.5A and 5.5B show the barrier height obtained with a mixed
DF typically depends linearly on a. This means that the optimal value of x
can be found using linear interpolation, i.e., from the point where the linearly
interpolated barrier height curves (the sloping red and black lines) intersect the
horizontal blue line representing the reference value of the barrier height. If x
does not fall between the limits of the mixed DF (0 and 1 for the expressions
of Eqgs.5.1-5.5, and -0.43 and 1 for Eqs.5.6 and 5.7) a value of & can be found
by extrapolation. We have not tested whether the DFs that may be obtained
by extrapolation lead to reasonable values of the minimum barrier height; we
would not recommend their use. However, the values of & obtained in this way
may be used in the calculation of the correlation coefficients discussed in the
next Section.

Figures 5.6 and 5.7 show the optimal & coefficients computed for the SRPx
and SRPxsol DFs of Egs. 5.1 and 5.2, respectively, as a function of AEcr.
These coefficients are also listed for each DF in Table 5.A.4. Figure 5.6 shows
that obtaining the optimum value of x for the SRPxz DF required extrapolation
to negative values for several Ho-metal surface and CH4-metal surface systems.
The use of this mixed DF is therefore not guaranteed to yield a useful SRP DF
for systems like the ones investigated here. From the point of view of tunability
the opposite is true for the SRPzsol DF, for which we obtained a value of x
falling between 0 and 1 for all systems in the SBH16 database (see Figs.5.6-5.7).

Figure 5.8 shows the optimal x coefficients computed for the SRPxsol-vdW2
DF of Eq.5.5 as a function of AEcp. These coefficients are also listed for this



5.3. Results and discussion. 187

A . SRPX Hz-Culll
7 mmm SRPxsol

<
<)

© ® a2 <
= S S o

1
<)

— o m
o o o
fraction of RPB

~
=
E

FIGURE 5.5: The barrier heights computed with the SRPx DF (black bars) and the

SRPxsol DF (red bars) is shown as a function of the fraction of RPBE exchange x, (A)

for Hy + Cu(111) (upper panel) and (B) CHy + Pt(111) (lower panel). Blue horizontal

lines indicate the reference value of the barrier height for these systems’. The black

and red dashed lines linearly interpolate the barrier height as a function of @ for the

SRPz and the SRPxsol DFs, respectively. The optimal value of x is equal to the value
of x for which these lines intersect the blue lines.

DF in Table 5.A.5. Figure 5.8 shows that obtaining the optimum value of z for
the SRPxsol-vdW2 DF only required extrapolation to a negative value for Hy +
Ag(111). This system was classified as problematic in the SBH17 study, with all
DFs tested there yielding large MAEs for this system’. While we conclude that
the use of this mixed DF is not guaranteed to yield a useful SRP DF for systems
like the ones investigated here, we find that it performs rather well, and that it
can probably be used if a SRP DF is desired with vdW-DF2 correlation in it.
Note that, when coupled to their original partner exchange functionals?-?2, the
vdW-DF?2 functional?? yields a better description of the S22 database binding
energies of gas phase dimers (MAE of 22 meV)?? than the vdW-DF1 functional??
(MAE of 41 meV)?2!. However, the vdW-DF1 functional?! generally yields a
better description of bulk solids*? than the vdW-DF2 functional??.

Figure 5.9 shows the optimal x coefficients computed for the SRPxvdW1-
ext DF of Eq.5.6 as a function of AEcp. These coefficients are also listed in
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FIGURE 5.6: The optimum fraction of RPBE exchange x is shown as a function of
AEcr for the SRPz DF (Eq.5.1). Values falling between the two horizontal dot-dashed
black lines could be obtained by the interpolation procedure illustrated in Figure 5.5
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F1GURE 5.7: The optimum fraction of RPBE exchange x is shown as a function

of AEcr for the SRPasol DF (Eq.5.2). Values falling between the two horizontal

dot-dashed black lines could be obtained by the interpolation procedure illustrated in
Figure 5.5
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Table 5.A.5. Figure 5.9 shows that obtaining the optimum value of x for the
SRPz-vdW1-ext DF only required extrapolation to a negative value for Hy +
Cu(110) and Hy + Ag(111). The latter system was classified as problematic in
the SBH17 study, with all DFs tested there yielding large MAEs for this system”.
The use of the SRPz-vdW1-ext DF mixed DF is not guaranteed to yield a
useful SRP DF for systems like the ones investigated here, but we find that
it performs rather well just like SRPxsol-vdW-DF2, and the SRPz-vdW1-ext
can be used if a SRP-DF is desired with vdW-DF1 correlation in it. As noted
above, when partnered with their original exchange functionals vdW-DF'1 yields
better descriptions of bulk solids, while vdW-DF2 tends to be better for binding
energies of gas phase dimers.
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FI1GURE 5.8: The optimum fraction of RPBE exchange x is shown as a function of

AEcr for the SRPzsol-vdW2 DF (Eq.5.5). Values falling between the two horizontal

dot-dashed black lines could be obtained by the interpolation procedure illustrated in
Figure 5.5.

Figures 5.A.2, 5.A.3, and 5.A.4 show the optimal = coefficients computed
for the SRPx-vdW1, SRPx-vdW2, and SRPx-vdW2-ext DFs of Eqgs. 5.3, 5.4,
and 5.7, respectively, as a function of AFEcr. These coefficients are also listed
for each DF in Tables 5.A.4 and 5.A.5. Figures 5.A.2-5.A.4 show that obtaining
the optimum value of x for these three mixed DFs required extrapolation to
negative values for several Ho-metal surface and in most cases also for several
CHy-metal surface systems, with SRPx-vdW2 performing particularly poorly.
The above suggests that these three mixed DFs, and especially SRPz-vdW2,
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FI1GURE 5.9: The optimum mixing parameter  is shown as a function of AEqp for
the SRPz-vdW1-ext DF (Eq.5.6). Values falling between the two horizontal dot-dashed
black lines could be obtained by the interpolation procedure illustrated in Figure 5.5.

should perhaps not be the first choice for deriving a new SRP-DF for a system
like the ones present in the SBH16 database.

5.3.4 Correlation of the mixing parameter with the charge trans-
fer parameter

Table 5.2 shows correlation coefficients (or Pearson product-moment correlation
coefficients)*? T3y describing the correlation between the charge transfer parame-
ter taken as independent variable and the mixing coefficient x taken as dependent
variable, for the seven mixed DFs tested here. Including all systems, the 7, are
clearly negative for the SRPz and the SRPxsol DFs. The same is true for these
DFs if only the Ho-metal systems are considered, and for these systems the 74,
values get close to the value of -1 indicating a nearly perfect linear relationship
if the Hy + Ag(111) system, for which the reference barrier height is somewhat
suspect, is not considered. For CHy4 metal systems the values of r,, only take
on negative values if the CHy + Ru(0001) and Ni(100) systems, for which the
reference barrier heights are also somewhat suspect, are not considered, and
these values are small in absolute value.

The finding of negative correlation coefficients as observed here for the SRPx
and SRPzsol DFs is what we expected to see, for several reasons. First of all, the
MAE of the RPBE DF was previously found to increase from 88 to 167 to 336
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meV going from Np-metal systems to Ho-metal systems to CHy-metal systems’,

respectively, i.e., going from small values of the charge transfer parameter to large
values (see e.g. Table 5.A.2 and Fig.5.6 for how the charge transfer parameter
varies with the type of system). The opposite is true for the PBE DF, where
the MAE was found to decrease from 409 to 80 to 45 meV going from No-metal
systems to Ho-metal systems to CHy-metal systems’, respectively. Second, tests
on several systems suggest that for systems characterized by charge transfer
parameters less than 7 eV even RPBE exchange is not repulsive enough to avoid
underestimating the barrier height?®. However, it is also clear that when all three
types of systems are considered the correlation is not that strong, suggesting that
when a mixed functional with a fraction of PBE correlation is used the optimum
mixing coefficient also depends on other properties of the system than the charge
transfer parameter. In this context we note that 7, for all systems decreases in
absolute value if the four systems with suspect reference values (Ny + Ru(1010),
CHy4 + Ru(0001), CHg + Ni(100), and Hy + Ag(111))7 are excluded from the
SBH16 database (see Table 5.2), which would not be expected if  would only
depend on the charge transfer parameter and the relationship would be linear.

The computed values of the correlation coefficients for the DFs incorporating
van der Waals correlation are rather different from the values calculated for SRPx
and SRPzsol, which incorporate PBE correlation. Restricting ourselves to the
mixed DFs that exhibit high tunability, i.e., SRPxsol-vdW2 and SRPz-vdW1-
ext, we see that the former one only exhibits positive correlation coefficients,
and that the latter one exhibits correlation coefficients that are either positive
or close to zero. The reason for the different values of the correlation coefficients
of SRPz and SRPzsol on the one hand (mostly negative) and the other DFs
incorporating van der Waals correlation on the other hand (mostly positive) are
not clear at this stage; the difference is rather puzzling.

5.4 Conclusions and outlook.

We have investigated the tunability of several expressions for mixed density
functionals, in which a mixing parameter & can be tuned to enable the mixed DF
to reproduce the reference value of the barrier height to dissociative chemisorption
of a molecule on a metal surface. The mixed functionals are tested on the barriers
collected in the database we call SBH16, which is equal to the previous SBH17
database in chapter 3 with the Hy + Pt(211) system removed from it.
Increasing the fraction of RPBE exchange incorporated in the mixed DFs
leads to higher barriers. All mixed DFs tested are well tunable towards higher
barriers, as their limiting forms (RPBE, RPBE-vdW1, and RPBE-vdW2) all
systematically overestimate the barrier height for the systems in the SBH16
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database. It turns out that the biggest challenge to finding a perfectly tunable
mixed DF for describing the SBH16 database is to obtain a mixed DF expression
with a good lower-energy form, which consistently underestimates barrier heights
for systems like the ones present in SBH16. This goal is fully met with the mixed
SRPxsol DF that uses PBE correlation and a mixture of PBEsol and RPBE
exchange. The mixed SRPzsol-vdW2 DF could describe the minimum barrier
height of 15 of the 16 systems using vdW-DF2 correlation, while the mixed
SRPz-vdW1 DF could do so for 14 of the 16 systems using vdW-DF1 correlation.
Being able to use mixed DFs with different correlation functionals may be
important to obtaining a SRP DF for a particular system because reproducing
the minimum barrier height is a necessary, but not a sufficient condition for
reproducing measured sticking (or dissociative chemisorption) probabilities, as
now used for validating SRP functionals and barrier heights: It is also necessary
to provide a description of how the barrier height varies when the molecule’s
impact site on the surface and its orientation relative to the surface is changed,
and this variation may depend strongly on the correlation functional used% 1327

We also tested whether and how the mixing coefficient of the mixed DFs
is correlated with the charge transfer parameter describing the system, i.e.,
the difference between the work function of the metal surface and the electron
affinity of the molecule. The answer depends on which mixed DF is used. For
the SRPx and SRPxsol DFs, which both use PBE correlation, we found that
the optimum fraction of RPBE exchange decreases with the charge transfer
parameter, as could be expected on the basis of earlier results. However, the
opposite relationship and weaker correlation was found for the mixed DFs using
vdW-DF1 or vdW-DF2 correlation. The reason for this difference is not clear.

The results presented here point to several new lines of research. First of all
the results underscore the need to obtain better reference values for the Hy +
Ag(111), CH4 + Ru(0001), and CH4 + Ni(100) systems. For all mixed DFs the
optimized mixing coefficients for these systems appear as outliers when plotted
as a function of the charge transfer parameter, and removing these systems from
the database leads to correlation coefficients with an increased absolute value for
the mixed SRPxz and SRPzsol DFs for the Hy-metal surface and the CH4-metal
surface systems.

A small improvement over using the SRPxsol mixed DF could be to use a DF
that simply mixes the RPBE and the PBEsol exchange-correlation functionals.
This would avoid the use of an exchange correlation functional with unbalanced
exchange and correlation at the lower £=0 end of the spectrum, i.e., PBEsolc.

When it comes to designing mixed functionals incorporating vdW-DF'1 or
vdW-DF2 correlation, another idea worth testing might be to investigate mixtures
of weakly repulsive GGA exchange DFs that are appropriate matches for the vdW1

Chapter
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and vdW2 correlation functionals with the rather repulsive?* exchange functionals
combined with these C functionals in the original vdW-DF12! and vdW-DF222
DFs. Examples of such exchange functionals have been incorporated in the
C09* and CX*® vdW functionals, and other exchange functionals mentioned
in Ref.**. Another idea would be to explore mixtures of repulsive meta-GGA
DFs (such as MS-B86bl??) and attractive meta-GGA DFs (such as SCANT)
that tend to overestimate respectively underestimate barriers to dissociative
chemisorption of molecules on metals’. It would also be of interest to investigate
the performance of mixtures of, or parameterized forms of screened hybrid
functionals such as HSE06%® and screened hybrid functionals incorporating van
der Waals correlation?**°. However, it might be most productive to test such
hybrid functionals once a database becomes available that also incorporates
good reference values of barrier heights for systems characterized by charge
transfer parameters < 7 eV, such as O + Ag(111)? and HCI + Au(111)%°. Such
systems presently defy an accurate description based on DFs incorporating GGA

exchange?5°0:51,
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TABLE 5.A.1: Measured zero-point-energy-corrected and computed equilibrium lattice
constants a of the fcc metals Ag, Cu, Ir, Ni, and Pt, and ¢ and c of the hcp metal Ru
are presented. The computed values have been calculated with the SRPx and SRPzsol

DFs varying by steps Az of 0.1.

Metal Ag Cu Ir Ni Pt Ru
a a a a a a c
Experimental  4.062°2  3.597°2 3.831°2 3.499°2  3.912°2 2.703°%  4.274°3
SRPz
4.147 3.635 3.873 3.518 3.968 2.721 4.293
4.153 3.639 3.874 3.521 3.970 2.722 4.295
4.159 3.644 3.875 3.524 3.972 2.723 4.297
4.165 3.648 3.877 3.528 3.974 2.725 4.299
4.172 3.652 3.878 3.531 3.976 2.726 4.301
4.178 3.657 3.880 3.535 3.979 2.727 4.303
4.185 3.661 3.882 3.539 3.981 2.728 4.305
4.191 3.666 3.883 3.542 3.983 2.730 4.307
4.198 3.670 3.885 3.546 3.985 2.731 4.308
4.205 3.675 3.886 3.550 3.988 2.732 4.310
4.213 3.679 3.888 3.553 3.990 2.733 4.312
SRPesol
4.035 3.559 3.822 3.454 3.902 2.683 4.237
4.051 3.570 3.828 3.464 3.910 2.688 4.244
2 4.067 3.581 3.834 3.473 3.918 2.693 4.252
2=0.3 4.083 3.593 3.841 3.482 3.927 2.698 4.260
z=0.4 4.099 3.604 3.847 3.492 3.935 2.704 4.268
x=0.5 4.117 3.616 3.854 3.502 3.944 2.709 4.275
z=0.6 4.134 3.628 3.860 3.512 3.953 2.714 4.283
x=0.7 4.152 3.641 3.867 3.522 3.962 2.719 4.290
z=0.8 4.172 3.653 3.874 3.532 3.971 2.723 4.298
z=0.9 4.192 3.666 3.881 3.543 3.980 2.728 4.305
RPBE 4.213 3.679 3.888 3.553 3.990 2.733 4.312

Chapter
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TABLE 5.A.2: Calculated barrier heights E; computed with limiting forms of the mixed
DFs are shown for the 16 systems present in the SBH16 database, as calculated for the
PBE, the RPBE, the PBEsolc, the PBE-vdW1, the PBE-vdW2, and the PBEa-vdW1
DF with a=0.57. Also presented are the values of the charge excitation parameter
AEc7=WF-EA. The systems are arranged with the charge transfer parameter increasing
from top to bottom.

l System l EbPBE I Ei{PBE l E{I:BEsolc l EéjBEfvdWI l EéDBEfvdWZ l EfBEafvdWI l WF-EA |
[ N2TRu(i010) | -0.096 | 0.469 | _-0.999 | -0.023 I 0.247 I 0.314 [ 6.582 |
[ NotRu(0001) | 1.532 | 1.965 | 0896 | 1.688 | 1.746 | 1.314 | 7382 |
Ho [ Ag(lll) 1.132 1.457 0.643 1.442 1.569 1.275 7.685
H, 1 Cu(110) 0.639 0.874 0.346 0.914 0.996 0.792 7715
H, | Cu(100) 0.584 0.905 0.095 0.894 1.024 0.731 7.885
My Cu(111) 0.463 0.760 0.026 0.771 0.886 0.617 8.055
Ho [ Ni(111) 0.026 0.170 -0.097 -0.006 0.085 -0.076 8.395
H, 1 Ru(0001) 0.014 0.108 -0.050 -0.049 0.002 -0.096 8.555
H, [ Pt(111) 0.018 0.169 -0.103 -0.005 0.063 -0.079 9.065
CH4+Ni(211) 0.675 0.973 0.349 0.603 0.777 0.448 10.72
CH,4 I Ni(100) 0.912 1.259 0.491 0.843 1.020 0.664 10.92
CH4 I Ni(111) 1.010 1.349 0.594 0.962 1.156 0.785 10.99
CH4+Ru(0001) | 0.856 1.164 0.456 0.760 0.989 0.603 11.15
CH,4 1 Pt(211) 0.489 0.789 0.092 0.484 0.618 0.316 11.39
CH4 1 Ir(111) 0.875 1.186 0.495 0.714 0.894 0.550 11.53
CHy [ Pt(111) 0.819 T.151 0.414 0.775 0.898 0.604 11.66

TABLE 5.A.3: Calculated barrier heights E; computed with limiting forms of the mixed
DFs are shown for the 16 systems present in the SBH16 database, as calculated for the
the PBEa-vdW1 DF with a=0.57, the RPBE-vdW1 DF, the RPBE-vdW2 DF, and
the PBEsol-vdW2 DF. Also presented are the values of the charge excitation parameter
AEc7=WF-EA. The systems are arranged with the charge transfer parameter increasing
from top to bottom.

System

[ N2 TRu(i010) | -0.044 I 0.525 0.801 I -0.568 [ 6.582
[ N2 Ru(000D) | 1.520 | 2.133 2.367 | T.113 | 7.382
H, [ Ag(lll) 1.403 1.758 1.885 1.114 7.685
H, 1 Cu(110) 0.887 1.144 1.239 0.714 7715
H> 1 Cu(100) 0.859 1.205 1.332 0.564 7.885
H, (Cu(11l) 0.736 1.064 1.183 0.470 8.055
Ho I Ni(111) -0.002 0.134 0.209 -0.045 8.395
H; 1 Ru(0001) -0.044 0.043 0.095 -0.052 8.555
H, [ Po(111) -0.012 0.145 0.211 -0.044 9.065
CH4 I Ni(211) 0.613 0.907 1.076 0.433 10.72
CH,4 I Ni(100) 0.829 1.188 1.352 0.607 10.92
CH4 I Ni(111) 0.949 1.305 1.473 0.713 10.99
CH4+Ru(0001) 0.775 1.063 1.235 0.565 11.15
CH4 1 Pt(211) 0.474 0.790 0.939 0.232 11.39
CH,4 1 Ir(111) 0.730 1.030 1.210 0.501 11.53
CH,4 [ Po(111) 0.726 1.107 1.262 0.529 11.66
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TABLE 5.A.4: The optimal mixing coefficient x is shown for the mixed DFs SRPz,

SRPzsol, SRPz-vdW1, and SRPz-vdW2. Also presented are the values of the charge

excitation parameter A Ecr=WF-EA. The systems are arranged with the charge transfer
parameter increasing from top to bottom.

l System l WE-EA I SRPz I SRP@sol I SRPz-vdW1 I SRPz-vdW2 ]
No + Ru(1010) 6.582 0.88 0.95 0.77 0.27
No + Ru(0001) 7.382 0.71 0.88 0.34 0.01
Ho + Ag(111) 7.685 -0.15 0.53 -1.14 -1.55
Ho + Cu(110) 7.715 0.64 0.84 -0.55 -0.91
Hy + Cu(100) 7.885 0.49 0.79 -0.49 -0.91
Ho + Cu(111) 8.055 0.55 0.82 -0.49 -0.88
Ho + Ni(111) 8.395 -0.02 0.45 0.21 -0.42
Ho + Ru(0001) 8.555 -0.09 0.34 0.57 0.02
Ho + Pt(111) 9.065 -0.17 0.34 -0.02 -0.48
CH4 + Ni(211) 10.72 0.08 0.57 0.32 -0.24
CH4 + Ni(100) 10.92 -0.44 0.34 -0.24 -0.76
CHy4 + Ni(111) 10.99 0.01 0.56 0.27 -0.26
CH,4 + Ru(0001) 11.15 -0.18 0.48 0.13 -0.44
CH,4 + Pt(211) 11.39 0.23 0.67 0.32 -0.14
CHy + Ir(111) 11.53 -0.12 0.49 0.39 -0.18
CH4 + Pt(111) 11.66 0.00 0.54 0.24 -0.17

TABLE 5.A.5: The optimal mixing coefficient x is shown for the mixed DFs SRPzsol-
vdW2, SRPz-vdW1-ext, and SRPx-vdW2-ext. Also presented are the values of the

charge excitation parameter AEcr=WF-EA. The systems are arranged with the charge E
transfer parameter (see Table 5.A.4) increasing from top to bottom. =
~
l System l SRP®sol-vdW2 I SRPz-vdW1l-ext I SRPz-vdW2-ext | O

No + Ru(1010) 0.70 0.77 0.27

No + Ru(0001) 0.66 0.34 0.01

Hy + Ag(111) -0.07 ~0.90 121

Ho + Cu(110) 0.12 -0.46 -0.76

Ho + Cu(100) 0.78 -0.42 -0.74

H, + Cu(l1l) 0.21 -0.42 -0.72

Ho + Ni(111) 0.25 0.21 -0.31

Hs + Ru(0001) 0.34 0.57 0.02

H, + Pt(111) 0.15 -0.06 -0.42

CH,4 + Ni(211) 0.42 0.32 -0.22

CH4 + Ni(100) 0.19 -0.23 -0.60

CHy4 + Ni(111) 0.45 0.27 -0.21

CH,4 + Ru(0001) 0.67 0.13 -0.38

CH,4 + Pt(211) 0.50 0.32 -0.15

CHy4 + Ir(111) 0.53 0.39 -0.19

CH, + Pt(111) 0.55 0.24 -0.21
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F1GURE 5.A.1: The barrier heights E; computed with the PBEa-vdW1 and PBE«-
vdW2 DFs with a=0.57 are shown as a function of the charge transfer parameter for the
16 systems present in the SBH16 database. These DFs may be viewed as the lower-limit
expressions given by Egs. 5.6b and 5.7b, respectively.
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FIGURE 5.A.2: The optimum fraction of RPBE exchange x is shown as a function
of AE¢r for the SRPz-vdW1 DF (Eq.5.3). Values falling between the two horizontal
dot-dashed black lines could be obtained by the interpolation procedure illustrated in

Figure 5.5.
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FIGURE 5.A.3: The optimum fraction of RPBE exchange x is shown as a function
of AEcr for the SRPz-vdW2 DF (Eq.5.4). Values falling between the two horizontal
dot-dashed black lines could be obtained by the interpolation procedure illustrated in

Figure 5.5.
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FIGURE 5.A.4: The optimum mixing parameter x is shown as a function of AFEqor for
the SRPz-vdW2-ext DF (Eq.5.7). Values falling between the two horizontal dot-dashed
black lines could be obtained by the interpolation procedure illustrated in Figure 5.5.
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Samenvatting

Heterogeen gekatalyseerde processen zijn van groot belang voor de chemische
industrie, en bekende voorbeelden van dergelijke processen zijn ammoniaksyn-
these en stoomreformering. Bij heterogeen gekatalyseerde processen op metalen
oppervlakken is de snelheidsbepalende stap vaak de dissociatieve chemisorptie
(DC, het proces waarbij de interactie van een molecuul met een oppervlak leidt
tot het verbreken van een binding in het molecuul en de vorming van twee nieuwe
bindingen van de moleculaire fragmenten met het oppervlak) van een molecuul
op het oppervlak. Het begrijpen van hoe heterogene katalyse werkt is van groot
belang. Ons begrip van de verschillende mechanismen die ten grondslag liggen
aan de DC op metalen oppervlakken, zou aanzienlijk kunnen profiteren van
de beschikbaarheid van een nauwkeurige database voor barriérehoogtes van
elementaire molecuul-metaaloppervlakreacties. Net als chemisorptie-energieén
van (intermediaire) reactanten en producten, zijn nauwkeurige barriére’s voor het
beheersen van de snelheid van elementaire reacties de sleutel tot het begrijpen,
beheersen en voorspellen van de snelheid van algehele heterogeen gekatalyseerde
processen.

Idealiter zouden nauwkeurige barriérehoogtes rechtstreeks uit gedetailleerde
systematische experimenten worden gehaald. Het is echter niet mogelijk om
barriérehoogtes voor de DC direct te meten. Een waarneembare waarde die
experimenteel kan worden gemeten en die sterk gerelateerd is aan de barriére-
hoogte voor DC is de plakwaarschijnlijkheid (Sp). De beste manier om toegang
te krijgen tot barriérehoogten met behulp van theorie is via een theoretische
aanpak waarin potentiéle energieoppervlakken (PEO’s) worden berekend en
gebruikt in dynamische berekeningen om Sy te evalueren als een functie van
de gemiddelde invalsenergie. Vergelijking met experimentele Sy maakt het mo-
gelijk om de nauwkeurigheid te evalueren van de elektronenstructuurmethode
die wordt gebruikt om de PEO en de barriéhoogte te berekenen. Alleen wanneer
experimentele gegevens binnen zekere mate worden gereproduceerd ofwel binnen
chemische nauwkeurigheid (d.w.z. met fouten kleiner dan 1 kcal/mol), kan wor-
den beweerd dat de berekende barriérehoogte van hoge nauwkeurigheid is. Deze
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validatieprocedure vereist daarom dat dynamicaberekeningen worden uitgevoerd
met een geschikt dynamisch model en dynamische methode. In deze procedure
wordt de elektronenstructuurmethode gebruikt om de krachten te genereren
die op de atomen werken (hetzij direct in ab initio moleculaire dynamica of
dichtheidsfunctionaal moleculaire dynamica berekeningen of indirect vanuit een
PEO dat was aangepast aan ab initio gegevens).

Op dit moment zijn er helaas nog geen ab initio of niet-empirische elektro-
nenstructuurmethoden beschikbaar die de interactie-energieén tussen molecuul
en metaaloppervlak tot op chemische nauwkeurigheid kunnen berekenen. Mo-
menteel is de meest efficiénte elektronische structuurmethode die kan worden
gebruikt om de PEO van de interactie van het molecuul met het metaaloppervlak
in kaart te brengen, de dichtheidsfunctionaaltheorie (DFT) met behulp van een
geschatte uitwisselingscorrelatiefunctioneel (UCF), die meestal wordt genomen
op het niveau van de gegeneraliseerde gradiéntbenadering (GGB). Aan het begin
van dit onderzoek was nog niet goed bekend hoeveel fouten we hebben gemaakt
bij het gebruik van een dergelijke benadering.

Om het probleem met de nauwkeurigheid van DFT te verhelpen, werd een
implementatie van een specifieke reactieparameter (SRP) aanpak van DFT
(SRP-DFT) voorgesteld. In deze benadering wordt de uitwisselingscorrelatiefunc-
tionaal uitgerust met één instelbare parameter. Deze parameter wordt gefit
aan een reeks experimentele gegevens voor een molecuul dat reageert op het
oppervlak. Vervolgens wordt de kwaliteit van de SRP functionaal getest door
te controleren of deze ook kan worden gebruikt om andere experimenten op
hetzelfde systeem te reproduceren. Met deze SRP benadering hebben we nu een
kleine database verkregen met chemisch nauwkeurige barriéres voor moleculen
die reageren op metalen oppervlakken. Deze databank bestaat uit resultaten voor
onder meer Ho+Cu(111), Ho+Cu(100), Ho+Pt(111), Ho+Pt(111), CH4+Ni(111),
CH4+Pt(111) en CH4+Pt(211).

Het belangrijkste doel van dit proefschrift is om een nauwkeurige beschrijving
te geven van waterstof (Hg) gedissocieerd op metaaloppervlakken, een database
te ontwikkelen van chemisch nauwkeurige barriéres van moleculen (Hg, Ny,
and CHy) gedissocieerd op metaaloppervlakken en ook een SRP-database voor
verschillende soorten combinaties van UCF’s.

In Hoofdstuk 2, is het doel om de ontwikkeling van SRP-DF’s uit te breiden.
We onderzoeken eerst of de eerder afgeleide SRP-DF (PBE«a0.57-vdW-DF2) voor
Hy+Pt(111) overdraagbaar is naar het Ho+Ni(111) en als niet, proberen we ook
een SRP-DF af te leiden voor de DC van Hz op Ni(111). Om deze vragen te
beantwoorden, zijn 6D PEO’s geconstrueerd voor de dissociatie van Ho+Ni(111)
met behulp van negen verschillende UCF’s. De berekende PEQ’s werden ver-
volgens geinterpoleerd met behulp van de corrugatie reducerende procedure
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(CRP) methode. Om te vergelijken met experimenteel reactiewaarschijnlijkhe-
den, zijn quasi-klassieke baan- (QKB) en quantumdynamica (QD) berekeningen
uitgevoerd met behulp van het Born-Oppenheimer statisch oppervlak (BOSS)
model.

De onderzochte functionalen leveren een breed scala aan barriérehoogtes
en barriéreposities op. De functionalen die van der Waals-correlatie bevatten,
leveren barriéres op die dichter bij het oppervlak liggen en een grotere energetische
corrugatie vertonen dan functionalen die PBE-correlatie bevatten, zoals eerder
ook al bij het gerelateerde Ho-+Ru(0001) systeem is bevonden.

De functionalen PBE-vdW-DF2 en RPBE:PBE(50:50)-vdW-DF1 beschrijven
de experimentele reactiewaarschijnlijkheden die door de Rendulic-groep zijn
gemeten redelijk goed, waarbij PBE-vdW-DF2 de beste resultaten geeft. Uit
de vergelijking met de meest recente moleculaire bundelexperimenten van de
Rendulic-groep, concluderen we dat PBE-vdW-DF2 kan worden beschouwd als
een kandidaat SRP-DF voor Ha+Ni(111). De PBE«a0.57-vdW-DF2, die een
SRP-DF is voor Hy op Pt(111), is echter geen SRP-DF voor Ha+Ni(111), ook al
behoren Ni en Pt tot dezelfde groep in het periodiek systeem.

De PBE-vdW-DF2 Sy komen nog niet goed overeen met de meest recente
experimenten van de Rendulic-groep voor invalsenergieén groter dan 0.3 eV. Voor
invalsenergieén > 0.25 eV, vonden we dat Sp een aanzienlijke afhankelijkheid
begint te vertonen van de bundelcondities, zodat sommige van de geconstateerde
verschillen te wijten kunnen zijn aan verschillende bundelparameters die ken-
merkend zijn voor de experimentele bundels en de bundels gesimuleerd in de
berekeningen. Andere mogelijke oorzaken van fouten in de experimenten zijn
ook besproken. We achten het onwaarschijnlijk dat de verschillen tussen theorie
en experiment te wijten zijn aan het gebruik van een onjuist dynamisch model
(BOSS) of dynamische methode (QKB). In het bijzonder, behalve misschien voor
v=0, j=0, waren de initi€le toestands opgeloste reactiekansen berekend met QKB
in de begintoestand in goede overeenstemming met de QD resultaten, zodat QKB
nauwkeurige resultaten zou moeten geven voor de reactiewaarschijnlijkheden.
Het is echter mogelijk dat de PBE-vdW-DF2 barriéres voor dissociatie over de
brug en holle locaties oplevert die te laag zijn. Om deze en andere vragen op
te lossen, pleiten wij ervoor dat nieuwe experimenten met goed gedefinieerde
condities worden uitgevoerd aan de reactiewaarschijnlijkheden van Hy op Ni(111)
voor invalsenergieén > 0.2 eV.

In Hoofdstuk 3, richten we ons op de ontwikkeling van een nieuwe database
met barriérehoogtes voor de DC op metalen oppervlakken die kunnen worden
gebruikt voor het benchmarken van elektronenstructuurmethoden. De nieuwe
database heet SBH17 en bevat barriéres voor 17 systemen, waaronder 8 Hs-
metaal systemen, 2 No-metaal systemen en 7 CHy-metaal systemen. Voor 16
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systemen overschrijdt de werkfunctie van het metaal - de elektronenaffiniteit
van het molecuul (W-EA) de 7 eV. De barrierehoogtes komen uit SRP-DFT (14
systemen) en uit meer ad-hoc semi-empirisch (SE) procedures (3 systemen). De
nieuwe database is bedoeld als vervanging van een oudere database (SBH10) die
barriéres bevatte voor 10 van de 17 nu behandelde systemen.

We hebben 14 DF’s getest op de nieuwe database, waarvan drie GGB DF’s,
4 meta-GGB DF’s en 7 DF’s met GGB uitwisseling en niet-lokale vdW-DF1
of vdW-DF2 correlatie. We hebben eerst getest hoe de prestaties van deze
DF’s afhangen van het gebruikte algoritme of de gebruikte procedure. Er
werden drie verschillende algoritmen getest, die werden gelabeld als "hoog",
"gemiddeld" en "licht", afhankelijk van de investering van computertijd die nodig
was voor de berekening. Het gemiddelde algoritme is het beste compromis tussen
nauwkeurigheid en computertijd. Hierin berekent men voor elke geteste DF de
roosterconstante van de metalen in de database. Vervolgens wordt voor elke
geteste DF, voor elk metalen oppervlak in de database een relaxatie uitgevoerd
van de afstanden tussen de bovenste lagen. Vervolgens wordt voor elk systeem
in de database en voor elke DF de barriérehoogte berekend op basis van twee
berekeningen. Een van deze berekeningen is voor een geometrie waarbij het
molecuul zich in de gasfase bevindt, en de andere voor een geometrie waarbij
het molecuul zich in de zadelpuntgeometrie bevindt. Deze geometrie van het
zadelpunt is ofwel degene die eerder is verkregen uit een SRP-DFT-berekening
(als de barriérehoogte afkomstig is van SRP-DFT') of uit een berekening met een
functionaal die naar verwachting het beste zal presteren (als de barriérehoogte
een schatting is op basis van experimentele gegevens).

Van de geteste DF’s presteren de meta-GGB DF’s het best bij het beschrijven
van het metaal, gevolgd door PBE en optPBE-DF1. Wanneer de MAE als
nauwkeurigheidscriterium wordt genomen, presteert de werkpaard PBE GGB
DF het beste op de SBH17-database, met een MAE van 2.4 kcal/mol. Andere
toppers zijn de MS2 meta-GGB functionaal en twee functionalen bestaande uit
GGB uitwisseling en niet-lokale correlatie (SRP32-vdW-DF1 en PBEa57-vdW-
DF2). Verrassend genoeg onderschat geen van de geteste DF’s systematisch
reactiebarriéres voor de DC op metalen, in tegenstelling tot bevindingen voor
gasfasereacties. Deze bevinding zou aanwijzingen moeten geven van de oorsprong
van tekortkomingen van semi-lokale DF’s voor gasfasereactiebarriéres, wat duidt
op verder onderzoek naar deze onderwerpen.

Onze resultaten voor de nauwkeurigheid van de DF’s voor de DC barriéres
zijn robuust in de mate dat hun rangschikking volgens de gemiddelde absolute
fout (MAE) nogal ongevoelig is voor het verwijderen van de drie systemen
(N2+Ru(1010), CH4+Ru(0001) en CH4+Ni(100)) die de grootste fouten in de

database opleveren, en voor het verwijderen van de drie systemen waarvoor
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referentiebarriérehoogten werden verkregen met een ad-hoc semi-empirische
analyse. Het verbeteren van SBH17 door ervoor te zorgen dat alle referen-
tiebarriérehoogtes afkomstig zijn van SRP-DFT, zal waarschijnlijk de MAE’s
van de best presterende functionalen aanzienlijk verminderen, b.v. tot een fout
van minder dan 2 kcal/mol voor PBE. Als wij de SBH17 met de oude SBH10
database vergelijken krijgen we verschillende resultaten met betrekking tot de
relatieve nauwkeurigheid van de MS2 en BEEF-vdW-DF2 functionalen. Dit
wijzen we toe aan een onjuiste behandeling van de oppervlakte-atomen in de
overgangstoestanden in de eerdere studie aan de SBH10 database.

De DF’s die het beste presteren voor DC barriéres (d.w.z. kinetiek) zijn niet
degenen die het beste presteren voor databases (CE26, CE21b) van chemisorptie-
energieén op metalen (d.w.z. thermochemie). Deze trend loopt parallel in de
prestaties van DF’s op databases voor kinetiek (BH76, BH206) en thermochemie
(AE6, TCE) in de gasfase. De meta-GGB MS2 DF is de functie met de beste
algehele prestaties voor DC barriéres en chemisorptie-energieén op metalen.
Van de vijf GGA en meta-GGB DFen die in aanmerking kwamen vanwege hun
prestaties op 6 databases voor kinetiek en thermochemie op metalen oppervlakken
en in de gasfase (PBE, RPBE, revTPSS, MS2 en SCAN), liet MS2 opnieuw de
beste algemene prestatie zien.

In Hoofdstuk 4, is het belangrijkste doel om de nauwkeurigheid van de QKB
methode te evalueren, of, als alternatief, het belang van kwantumeffecten voor het
plakken van Hg op Al(110), voor omstandigheden die dicht bij de omstandigheden
zouden moeten liggen waaronder moleculaire bundelexperimenten zijn uitgevoerd
aan dit systeem. Voor dit doel zijn QKB en QD berekeningen uitgevoerd met het
BOSS model op een PEO verkregen met DFT, die een minimale barriérehoogte
vertoont die dicht in de buurt komt van een recentelijk verkregen barriérehoogte
met quantum Monte Carlo (QMC) berekeningen. Om het aantal uit te voeren
QD berekeningen klein te houden, werd een procedure "gedeeltelijk Monte-
Carlo" (GMC) gebruikt waarbij Monte-Carlo-middeling over een selectie van de
initiéle rovibrationele toestanden van Ho werd gebruikt. Deze procedure maakte
de quasi-klassieke berekening mogelijk van reactiewaarschijnlijkheden met een
relatieve fout < 7.5% voor vijf van de zes onderzochte begincondities, en van 16%
voor één van deze condities, bij ongeveer een orde van grootte minder rekentijd.

De reactiewaarschijnlijkheden berekend met QD met behulp van de GMC
procedure overschrijden die berekend met de QKB methode met 80 en 30% voor
de twee bundelcondities die overeenkomen met de laagste invalsenergieén (5.1 en
6.0 kcal/mol), afnemend tot slechts 5% voor de energie met hoogste invalsenergie
van 9.4 kcal/mol. De met QD berekende plakkanscurve wordt verschoven naar
lagere energieén ten opzichte van de QKB curve met 0.21 tot 0.05 kcal/mol,
waarbij de hoogste verschuiving wordt verkregen voor de laagste energie van
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inval. Deze "quantum effecten" kunnen als vrij klein worden beschouwd voor
moleculaire bundel-plak experimenten waarin de gemiddelde invalsenergieén
(5.1-8.5 kecal/mol) veel kleiner zijn dan de minimale barriérehoogte van het
onderzochte systeem (24.8 kcal/mol). De minimale quantum effecten worden
verklaard op basis van de grote vibrationele doeltreffendheid van het systeem (>
1 voor v=1) en de breedte van de translatie-energieverdelingen van de moleculaire
bundels die worden gebruikt in de experimenten die we behandelen, wat betekent
dat vastplakken kan plaatsvinden via vibrationele geéxciteerde moleculen met
hoge invalsenergie. We concluderen dat "quantumeffecten" naar verwachting
geen grote rol zullen spelen in berekeningen die de nauwkeurigheid van elek-
tronenstructuurmethoden zouden evalueren voor het bepalen van de minimale
barriérehoogte voor DC in Ho+Al(110) op basis van bestaande moleculaire bun-
delexperimenten, aangezien het oordeel zou afhangen van de energieverschuiving
tussen de berekende en de gemeten reactiewaarschijnlijkheden curve. Voor maxi-
male betrouwbaarheid van de conclusies over nauwkeurigheid zou het echter goed
zijn om rekening te houden met de kwantumeffecten, aangezien de maximale
verschuiving (0.21 kcal /mol) niet verwaarloosbaar is op de schaal van "chemische
nauwkeurigheid" (1 kcal /mol).

In Hoofdstuk 5 ligt de nadruk op het uitleggen van enkele basisprincipes en
het afleiden van de beste gemengde dichtheidsfunctionalen voor het beschrijven
van dissociatieve chemisorptie op metaaloppervlakken. We hebben de afstem-
baarheid van verschillende uitdrukkingen voor gemengde dichtheidsfunctionalen
onderzocht, waarin een mengparameter & kan worden afgestemd om de gemengde
DF in staat te stellen de referentiewaarde van de barriérehoogte voor dissoci-
atieve chemisorptie van een molecuul op een metalen oppervlak te reproduceren.
De gemengde functies worden getest op de barriéres die zijn verzameld in de
database die we SBH16 noemen, die gelijk is aan de vorige SBH17-database in
hoofdstuk 3, met het Hy + Pt(211) systeem eruit verwijderd.

Het verhogen van de fractie van RPBE-uitwisseling die is opgenomen in de
gemengde DF’s leidt tot hogere barriéres. Alle geteste gemengde DF’s zijn goed
af te stemmen op hogere barriéres, aangezien hun beperkende vormen (RPBE,
RPBE-vdW1 en RPBE-vdW2) allemaal systematisch de barriérehoogte voor de
systemen in de SBH16-database overschatten. Het blijkt dat de grootste uitdaging
voor het vinden van een perfect afstembare gemengde DF voor het beschrijven
van de SBH16-database het verkrijgen van een gemengde DF-expressie is met
een goede vorm met lagere energie, die consequent de barriérehoogten onderschat
voor systemen zoals die aanwezig zijn in SBH16. Dit doel wordt volledig bereikt
met de gemengde SRPzsol DF die gebruikmaakt van PBE-correlatie en een
combinatie van PBEsol en RPBE-uitwisseling. De gemengde SRPxsol-vdW2 DF
zou de minimale barriérehoogte van 15 van de 16 systemen kunnen beschrijven
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met behulp van vdW-DF2-correlatie, terwijl de gemengde SRPz-vdW1 DF dit
kon doen voor 14 van de 16 systemen die vdW-DF1-correlatie gebruiken. Het
kunnen gebruiken van gemengde DF’s met verschillende correlatiefunctionalen
kan belangrijk zijn voor het verkrijgen van een SRP DF voor een bepaald systeem,
omdat het reproduceren van de minimale barriérehoogte een noodzakelijke,
voorwaarde is voor het reproduceren van gemeten reactiewaarschijnlijkheden,
zoals nu gebruikt voor het valideren van SRP-functionalen en barriérehoogtes.

We hebben ook getest of en hoe de mengcoéfficiént van de gemengde DF’s
gecorreleerd is met de ladingsoverdrachtsparameter die het systeem beschrijft,
d.w.z. het verschil tussen de werkfunctie van het metaaloppervlak en de elek-
tronenaffiniteit van het molecuul. Het antwoord hangt af van welke gemengde
DF wordt gebruikt. Voor de SRPx en SRPxsol DF’s; die beide PBE-correlatie
gebruiken, vonden we dat de optimale fractie van RPBE-uitwisseling afneemt
met de parameter voor ladingsoverdracht, net als verwacht wordt op basis van
eerdere resultaten. De tegenovergestelde relatie en zwakkere correlatie werd
echter gevonden voor de gemengde DF’s die vdW-DF1- of vdW-DF2-correlatie
bevatten.
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