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ABSTRACT: There is a growing interest in understanding the basic properties that underlie catalytic
activities of heterogeneous catalyst surfaces
through DFT calculations and in the prediction of
catalytic activities through these basic properties. It
has been suggested to predict the binding energy of
simple chemicals to catalysts by interpolation in the
periodic table. In this research, an attempt at predicting the reaction energy of nitrogen dissociation
on binary metal alloy catalyst surfaces by interpolation in the periodic table was made. We did this by
using the vast amount of data on reaction energies
of nitrogen dissociation on different catalytic surfaces present at the catalysis-hub.org database. It
was shown that going from the left to the right in the
d-block, reaction energies become less negative and
binding hence becomes weaker. Further research is
needed to individuate other determiners and create
a more general predictive model.

Introduction
There is a growing interest in understanding the basic principles that underlie catalytic activities of heterogeneous catalyst surfaces through density func-
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tional theory (DFT) calculations. One of the descriptors of interest is the bonding energy of a reactive
intermediate at the catalytic surface. This energy
should be high enough to activate the reactants and
low enough to enable further reaction of the intermediate. [1] It has been suggested to predict which
catalysts are most suitable by interpolation in the
periodic table and combining metals into catalytically active alloys to get as close as possible to the
optimum. [2,3] It has also been suggested that transition metals and alloys are likely to have the properties needed for having a low-temperature lowpressure Haber-Bosch process. [4] In this research,
an attempt is made at creating intuitive graphs to
predict binding energies of nitrogen atoms to metal
alloy surfaces. The research questions of this study
are the following: 1. How can the data from the
catalysis-hub database best be extracted and sorted
so that they are usable for machine-learning purposes? [5] 2. What are the general trends in reaction energies of nitrogen gas dissociation on metal
alloy catalytic surfaces through the periodic table?
3. What are the general trends in reaction energies
of nitrogen gas dissociation on metal alloy catalytic
surfaces due to electronegativity differences of the
metals present in these alloys? [5]

Methods
The work was divided into four parts: extraction of
the data from the database, derivation of additional
data of chemical interest from the database, division
of the data based on meta-data and analysis of the
data. It is important to note that the data that was
analyzed consisted only of pure metal surfaces and
alloys that consisted of no more than two metals.
Extraction of the data from the database
The data were extracted from the database in
batches, because the query system of the database
was unable to handle too many requests at once. To
prevent overflow errors, all data points were downloaded in four parts together with their database
ID’s. These database ID’s were then used to link the
pieces of the data points together.
Generation of additional chemical data
Several properties of chemical interest were derived
from the data: atomic numbers of the metals that
were present in the alloys, group numbers of the
metals that were present in the alloys, electronegativities of the metals that were present in the alloys,
number of layers of which the catalyst surface that
was used in the analysis consisted, area of the catalyst unit cell surface, ratio of both sides of the catalyst unit cell and number of nitrogen atoms that
were bonded on a given catalyst surface for a given
reaction system.
Division of the data based on meta-data
The division of the data based on meta-data is
schematically depicted in figure 1. An enlarged version of figure 1 can be found in appendix 1. First, the
data was divided based on the reaction under investigation. The four reactions that were investigated
are given in equations 1a-1d:

0.5 N 2 ( g )+* → N *
1 N 2 ( g ) +2 *→ 2 N

Equation 1a
*

1.5 N 2 ( g ) +3 * →3 N *
2 N 2 ( g ) + 4 *→ 4 N

*

Equation 1b
Equation 1c
Equation 1d

Then the data were divided based on the DFT code
that has been used to execute the DFT calculations.
The DFT codes used for the calculations were the
DACAPO program, available for free on https://wiki.fysik.dtu.dk/dacapo/dacapo, and the Quantum
Espresso 5.1 program, available for free on
https://www.quantum-espresso.org/. The data were
subsequently divided based on the DFT functional
that was used for the calculations. The DFT functionals that were used were BEEF-van der Waals and
RPBE. Then the data were divided based on the
facet, also called the surface cut, of the catalyst surface on which the dissociated nitrogen atoms were
adsorbed. After that the data were divided based on
the chemical composition of the catalyst simulation
cell for which binding and dissociation energies were
calculated. For example, an Ag3Al9 catalyst was
placed in a different category than an Ag6Al6 catalyst. The last division was made based on the binding site on the catalyst surface. Abbreviations of the
binding sites are as follows: 4f = 4-fold|AABB (bind-
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ing on a hollow site between atoms A,A,B and B); B
= Bridge (on a bridging site); B|AB|A = Bridge|AB|A
binding on a bridging site between atoms A and B
on atom A; Bt = Bridge-tilt (on a bridging site but
out of the line between the atoms); Bt|AB|A =
Bridge-tilt|AB|A (binding on a bridging site between
atoms A and B on atom A, but not exactly between
atoms A and B); Fcc = FCC (in a hollow site of an
FCC lattice); H = Hollow (on a hollow site); H|AAA|f
= Hollow|AAA|fcc (binding on a hollow site of an FCC
lattice between atoms A,A and A); H|AAA|h = Hollow|AAA|hcp (binding on a hollow site of an HCP lattice between atoms A,A and A); Ht = Hollow-tilt (on
a hollow site but out of the plane between the
atoms); Ht|AAA|f = Hollow-tilt|AAA|fcc (binding on a
hollow site of an FCC lattice between atoms A,A and
A, but not exactly between atoms A,A and A); Ht|
AAA|h = Hollow-tilt|AAA|hcp (binding on a hollow
site of an HCP lattice between atoms A,A and A, but
not exactly between atoms A,A and A); OT/T = On
top/Top (on top of an atom); T|A = Top|A (binding on
top of atom A); Tt|A = Top-tilt|A (binding on top of
atom A, but not straight on top). Also included in the
figure is the number of data points per node.

Figure 1: tree diagram of the division of the data
based on several meta-data features. This figure is
available enlarged in appendix 1.
Analysis of the data
The data that had been divided as mentioned above
then was analyzed graphically using Matlab R2019a.
To analyze the data, plots were made in which the
total reaction energy in eV (on the z-axis) was plotted against the group number of the first atom in
the alloy (on the x-axis) and the group number of
the second atom in the alloy (on the y-axis). To make
the general trends in these scatter plots more readily visible, a third-grade polynomial was plotted
through the data points. To limit the number of
graphs to those data sets for which general trends
can be validly observed, graphs were only made for
data sets for which 50 data points or more were
available. Some graphs in which the electronegativities were put on the x- and y-axes were also made.
Results
The data that were extracted from the database and
the additional chemical data that were generated
are too large to include here, but is available by the
corresponding author when requested. In this article
the focus of the results section will be laid on the

analysis of the graphs that have been generated using Matlab. Graphs containing electronegativities will
be analyzed separately from those that contain periodic group numbers (group 12 for example contains
zinc, cadmium and mercury, group 4 titanium, zirconium and hafnium).
Concerning the data themselves, only the Quantum
Espresso DFT program was used to generate enough
data to be included in this analysis. Of the reactions
under investigation only those in which 1 or 2 nitrogen atoms are bound on the catalytic surface contain enough data points to be analyzed on themselves. The reactions in which 3 or 4 nitrogen atoms
are bound on the catalytic surface will only be compared to the other two reactions. The graphs will be
grouped in the same way as the data that they represent.
Reaction energy over group numbers
The plots in which reaction energies of nitrogen dissociation are plotted over the group numbers
present in the alloys are very intuitive. Firstly they
show, as one would expect, that the more a metal is
present on a binding site, the larger its influence is
on the overall reaction energy. For the A6B6 chemical
compositions, for instance, the figures for Hollow|
AAB|FCC (figure 2) and Hollow|ABB|FCC (figure 3)
show similar trends for high A and high B group
numbers. For the combination of smaller A group
numbers with bigger group B numbers, the profile
changes. Secondly, the figures for the chemical
composition A6B6 and binding site Top|A (figure 4)
and binding site Top|B (figure 5) show that the reaction energies depend significantly more on the atom
to which the nitrogen atom is bound if it binds on
top of one atom of the catalytic surface.

Figure 3: Reaction energy of nitrogen dissociation on
a metal alloy catalytic surface with chemical composition A6B6 at a hollow site with atom type A being
present one time and atom type B being present two
times over the group numbers of the metals present
in the alloy.

Figure 4: Reaction energy of nitrogen dissociation on
a metal alloy catalytic surface with chemical composition A6B6 on top of an atom of type A over the
group numbers of the metals present in the alloy.

Figure 2: Reaction energy of nitrogen dissociation on
a metal alloy catalytic surface with chemical composition A6B6 at a hollow site with atom type A being
present two times and atom type B being present
one time over the group numbers of the metals
present in the alloy.
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As can be seen in figures 2 to 5, the reaction energy
generally becomes less negative when going from
the left to the right in the d-block for the hollow
binding sites, having it’s minimum in group 4 and
reaching a maximum with fully filled outer d and s
shells, and then goes down again for main group
metals. For binding on top of a metal, the minimum
lies somewhere between groups 6 and 7 and there’s
a maximum at group 12 again. Similar trends have
been observed for the A 3B9 chemical compositions.
All plots that have been made are provided in appendix II.

Figure 5: Reaction energy of nitrogen dissociation on
a metal alloy catalytic surface with chemical composition A6B6 on top of an atom of type B over the
group numbers of the metals present in the alloy.

Figure 7: Reaction energy of nitrogen dissociation on
a metal alloy catalytic surface with chemical composition A6B6 at a hollow site with atom type A being
present one time and atom type B being present two
times over the electronegativities of the metals
present in the alloy.

Reaction energy over electronegativities
The plots in which reaction energies of nitrogen dissociation are plotted over electronegativities show
some general trends, but the presence of a very
large number of outliers makes their predictive
power very limited. Again for the A6B6 chemical compositions the figures for Hollow|AAB|FCC and Hollow|
ABB|FCC are shown in figures 6 and 7 respectively.
The figures for the chemical composition A 6B6 and
binding site Top|A and binding site Top|B are shown
in figures 8 and 9. Since these initial plots showed
little to no correlation of the reaction energies with
the electronegativities, no more of them were made.

Figure 8: Reaction energy of nitrogen dissociation on
a metal alloy catalytic surface with chemical composition A6B6 on top of an atom of type A over the electronegativities of the metals present in the alloy.

Figure 6: Reaction energy of nitrogen dissociation on
a metal alloy catalytic surface with chemical composition A6B6 at a hollow site with atom type A being
present two times and atom type B being present
one time over the electronegativities of the metals
present in the alloy.
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Figure 9: Reaction energy of nitrogen dissociation on
a metal alloy catalytic surface with chemical composition A6B6 on top of an atom of type B over the electronegativities of the metals present in the alloy.
Discussions
It has been shown that there are indeed general
trends within the periodic table that can provide an
intuitive tool to predict binding energies of binary
metal alloys by interpolation in the periodic table
and more specifically within the d block. This study
however was not broad enough to cover all aspects
of such a predictive model and neglects, for example, the effect of binding site and crystal structure of
such alloys. Furthermore, the planes plotted through
the data were used to make general trends more
visible and they have not been used to make general predictions of reaction energies.
Conclusions
The data from the catalysis-hub database were extracted and then sorted based on meta-data, so that
only their chemical properties differ, The formatted
data will be useful for future studies aimed at machine-learning. Through the transition-metals and
some main-group metals such as aluminum, gallium,
indium, thallium, germanium, tin, lead and bismut,
the general trend is that the reaction energies of nitrogen gas dissociation on a catalytic metal alloy
surface generally become less negative when going
from left to right through the d-block elements and
then become more negative again going from left to
right within the main group. It was shown that electronegativities influence the reaction energies to
some extent, but are in no way a good predictor of
reaction energies of nitrogen dissociation.
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