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Abstract

A method is developed to estimate the potential energy diagram for a full catalytic reaction for a
range of late transition metals on the basis of a calculation (or an experimental determination)
for a single metal. The method, which employs scaling relations between adsorption energies, is
illustrated by calculating the potential energy diagram for the methanation reaction and
ammonia synthesis for 11 different metals on the basis of results calculated for Ru. It is also
shown that considering the free energy diagram for the reactions, under typical industrial

conditions, provides additional insight into reactivity trends.

1. Introduction

Computational methods based on density functional theory
(DFT) have attained sufficient accuracy and efficiency that they
can be used to describe surface chemical processes of interest
in heterogeneous catalysis. There are a number of cases where
complete catalytic reactions on surfaces have been outlined
in terms of activation energies and reaction energies [1-8]
and considerable insight has been obtained about mechanisms
and kinetics in this way. Such calculations are, however,
quite demanding. While there are examples where a family
of catalysts have been investigated in this way [9], extensive
calculations of whole reaction pathways are typically done for
a single metal and a single surface.

In the present paper we introduce a method for evaluating
reaction energies for all steps in a catalytic reaction on a
range of transition metal surfaces on the basis of a database of
adsorption energies of a few atoms and molecules—C, O, H, N,
and CO. The key to the new method is the recent discovery of
scaling relations between the adsorption energies of different
partially hydrogenated intermediates [10]. We will show that
it is possible to quite easily generate data for a number of
metals and in this way obtain reactivity trends. We also show
that the reaction energies can be used to generate families of
free energy diagrams for complete reactions. The approach
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is illustrated by applying it to two simple catalytic reactions,
the methanation reaction and the ammonia synthesis reaction.
We use it to show how an overview of reactivity trends can be
generated.

2. Methodology

All of the presented results are calculated using self-consistent
DFT. Ionic cores and their interaction with valence electrons
are described by ultra-soft pseudopotentials and the valence
wavefunctions are expanded in a basis set of plane waves with
a kinetic energy cut-off of 340 eV. Exchange and correlation
effects are taken into account through the RPBE [11]
generalized gradient approximation (GGA). The electron
density of the valence states is obtained by a self-consistent
iterative diagonalization of the Kohn—Sham Hamiltonian with
Pulay mixing of the densities. The occupation of the one-
electron states is calculated using a temperature of kg7 =
0.1 eV; all energies are extrapolated to 7 = 0 K. The
ionic degrees of freedom are relaxed using the quasi-Newton
minimization scheme, until the maximum force component is
found to be smaller than 0.05 eV A~ Spin magnetic moments
for Fe, Co and Ni are taken into account.

We use the periodic slab approximation and the considered
unit cells are chosen so that an equivalent of three layers in
the most close-packed direction is obtained. Neighboring slabs

© 2008 IOP Publishing Ltd  Printed in the UK
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are separated by more than 10 A of vacuum. The adsorbate
together with the topmost close-packed layer of the unit cell
is allowed to relax fully. The Brillouin zone of the systems is
sampled with a4 x 4 x 1 Monkhorst—Pack grid.

3. Scaling relations, potential energy and free energy
diagrams

By performing DFT calculations for a large number of
adsorbates and transition metal surfaces it has been discovered
that the adsorption energy for molecules of the type AH, is
linearly correlated with the adsorption energy of atom A:

AEM = y(x) AEA +& . e

Figure 1 shows these scaling relations holding for a large
number of (late) transition metals. It also shows that the scaling
parameters only depend on the molecule in question and are
given to a good approximation by

Y (X) = (Xmax — X)/Xmax, ()

where xmax 1 the maximum number of H atoms that can bond
to the central atom A (xpax = 4 for A = C, xpax = 3 for A
=N, and xpx = 2 for A = O), i.e. the number of hydrogen
atoms that the central atom, A, would bond to in order to form
neutral gas-phase molecules according to the octet rule.

The scaling relations, however, cannot be understood
simply in terms of bond counting. C bonded to the three-
fold site on an fcc(111) surface does not bond to four metal
atoms, for instance, and the scaling relations are independent
of the adsorption site. If the C atoms are moved to a one-
fold site approximately the same slope appears in a plot like
figures 1(a)—(c) (the x-axis is simply shifted by the difference
in C adsorption energy on the three- and one-fold sites).
Rather, the scaling behavior can be viewed as an illustration
of bond order conservation [10].

There is some scatter in the data in figure 1, corresponding
to a mean absolute error of 0.1-0.2 eV depending on the
intermediate and the surface structure. A large part of this
error stems from the fact that adsorption sites change as the
number of H atoms in the molecule changes. CHsj, for
instance, typically adsorbs in a one-fold site on close-packed
transition metal surfaces while C adsorbs in three-fold sites.
If one uses C adsorption energies calculated for one-fold
adsorption geometries in figure 1(c), the mean absolute error
is halved [10].

The scaling relations can be used directly to obtain
reaction energies for a full catalytic reaction in the following
way. We first consider reactions that only involve hydrogen-
containing intermediates of the type AH, with A = C, N or O.
If we have calculated the energy of all reaction intermediates,
AEQ‘I{”, for one metal, M1, we can estimate the energy,
AEQ‘;*, of the same intermediate on another metal, M2, from
the adsorption energies of atom A on the two metals as:

AESY = AESY 4y () (AEL, — AED), )

where y (x) is a rational number given by equation (2). If we
have a database of atomic adsorption energies for a number of
metals we can therefore estimate all reaction intermediates.

It turns out that this approach is reasonable also if one tries
to estimate bond energies for sigma-type bonds between more
complicated molecules and the late transition metals. For such
systems equation (3) is still expected to be approximately valid
for each atom, A, making a bond to the surface, provided the
definition of y (x) is generalized to include contributions from
all intra-molecular covalent bonds that atom A participates in:

Y (X, Xinra) = (Xmax — X — Xintra) /Xmax- 4)

The introduction of intra-molecular bonds may result in
interactions between adsorbate pi-states and the metal-states.
This leads to complications and one need to consider the
reactivity of the metal in question and its ability to break any
pi-bonds that are present. If we take as an example an ethylene
molecule binding to a late transition metal surface that is able
to break the molecular pi-bond, thus making two sigma-bonds
to the surface, the y(x) to be used in equation (3) will be
y(2,1) = (4 —2—1)/4 = 1/4 for each of the two C atoms.
A detailed analysis of this is the subject of a forthcoming
publication.

In the following we will use equation (3) to construct
approximate potential energy diagrams for a range of transition
metals based on a calculation for a single metal. In addition
to potential energy diagrams, we will also be interested in
free energy diagrams. Free energies for gas-phase species are
calculated by employing standard formulae for the statistical
thermodynamics of a classical ideal gas [12]. For the gas-phase
species (X) at temperature (7") and pressure (P), the Gibbs
free energy (G§’T) is given by:

Gy' = Ex 4 Ezps + AH®T — TST 4 RT In(P/P°), (5)

where Ex is the energy of X, Ezpg is the zero point energy,
AH®T is the enthalpy change in going from a temperature of
0 K to the temperature 7, ST is the entropy at T, R is the
universal gas constant and P is standard pressure (taken to be
1 bar). The equation for the adsorbed species (X”) on metal (M)
is similar; Ex: is given by Evixr — Ey, there is no pressure term
and the enthalpy change is replaced by the change in internal
energy. This leads to the following expression for (G§7T):

GYT = Ex + Ezpp + AUT — TST. (6)
All vibrational frequencies used to determine Eyzpg,

AUT and ST are calculated within the harmonic approxima-
tion.

4. Application to two reactions

The two reactions we consider in the following are the
ammonia synthesis reaction

N, + 3H, — 2NHj3
and the methanation reaction
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Figure 1. (a)—(c) Calculated adsorption energies of CH, intermediates, (d) and (¢) NH, intermediates and (f) OH intermediates shown as a
function of the adsorption energies of atomic C, N and O, respectively. The adsorption energy of molecule A on a given metal M is defined
relative to the adsorption of A on M = Ru. The data presented have been taken from [10]. A line through (0, 0) with the theoretically

predicted slope is drawn in each plot to indicate the accuracy of the results presented in this paper. Red points corresponds to adsorption on

fcc(211) steps, black points correspond to the fce(111) terrace, and the blue points correspond to adsorption on fcc(100) surfaces.
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Figure 2. Potential energy diagrams showing the energy of all intermediates in the methanation and ammonia synthesis reactions. The result
for Ru is from a full density functional theory calculation while the data for all other metals have been estimated using the scaling relations,

equation (3).

They are two of the simplest reactions in heterogeneous cataly-
sis and are very well studied, both experimentally [13—15] and
theoretically [16, 17, 1]. They are therefore well suited for test-
ing new methods.

For both reactions a complete DFT calculation has been
done for Ru, while the results for other metals have been
obtained using the scaling relations, equation (3), with the
scaling constants given by equation (4). In both cases the
calculations have been performed for stepped crystals, as they
have been found theoretically to be the most active for both
reactions [18]. The results for the ammonia synthesis have
been taken from [19], while those for the methanation reaction
are from the present study. The differences in adsorption
energies of C, N and O on different metals have been taken
from the DFT generated databases published in [16]. Here

we have also found adsorption energies of H and CO on the
different metals.

Figure 2 shows the potential energy diagram for all
intermediates for 11 different late transition metals. In
constructing the potential energy diagram, we have assumed
a particular reaction mechanism, the simplest one usually
employed in describing these reactions. Other mechanisms
could be possible, but for the present purpose of illustrating the
capabilities of the method we employ only this one mechanism
for each reaction.

It is evident from the potential energy diagrams that there
is a substantial spread in the energies of the intermediates for
the range of metals considered. From one metal to the next the
stability of the intermediates typically differs by of the order
1 eV. This means first of all that the present analysis is quite
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Figure 3. Free energy diagrams for the methanation and ammonia synthesis reactions for a number of metals. In both cases realistic industrial
conditions and a stoichiometric reactant mixture has been used: Methanation: 30 bar, 475 K, 90% conversion. Ammonia synthesis: 100 bar,

675 K, 20% conversion.

meaningful. The mean average error expected in figure 2 must
be of the same order of magnitude as that in figure 1, which
is 0.1-0.2 eV. This is quite a small error when comparing the
elemental metals.

The large spread also means that differences in catalytic
activity between different metals are not due to subtleties.
Ru and Ni, for instance, show differences in energies of
intermediates of up to 1.5 eV, yet the catalytic rates under
typical methanation conditions differ by less than an order
of magnitude [16]. This shows that the rate of a complete
catalytic reaction is quite a robust quantity, an observation
that could be related to a compensation of different reaction
steps [19, 20]. Often, if one reaction step becomes faster on
going from one metal to the next, another will become slower
(if adsorption becomes faster because stronger bonds can be

made to the surface, desorption becomes slower since it is now
more difficult to break bonds again). A change in metal can
therefore result in large changes in rates of elementary steps,
but these changes may compensate each other to minimize the
change in the overall rate.

In order to learn more about the reactivity of different
metals under realistic reaction conditions it is useful not only
to consider the potential energy diagram for a reaction but also
the free energy diagram. The free energy diagrams in figure 3
have been generated in the following way: adsorbed molecular
CO and atomic H have been assumed in equilibrium with the
initial state, while all other intermediates have been assumed
in equilibrium with the final state of the reaction. Typical
industrial reaction conditions have been chosen for the two
reactions. The configurational entropy of the adsorbed state
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is not included and the values are therefore ‘standard’ free
energies in the sense that they all refer to half a monolayer
of adsorbate in each state. The free energy diagrams are the
correct free energy diagrams for the two reactions if CO or N,
dissociation is rate limiting (which is correct for a number of
metals). This is just a convention, though, and the relative free
energies from figure 3 can be used to tell whether there is a
tendency to build up coverage of a certain intermediate on the
surface. Given the free energy diagrams it is quite simple to
understand qualitatively why certain metals are better suited
than others as catalysts for the two reactions.

The best elemental methanation catalysts are known
to be Co, Ru, Ni and Rh [16], and figure 3 illustrates
why. Au, Ag, Cu, Pt and Pd all bind C and O too
weakly to build up an appreciable coverage of these species
on the surface, even if CO dissociation was fast. Since
the activation barrier also depends strongly on the reaction
energy for dissociation through Brgnsted—Evans—Polanyi-type
relationships [18, 21-23], a high free energy of the dissociation
product is also an indication of a high dissociation barrier. Fe
and W, on the other hand, bind C and O very strongly and are
hence expected to build up a high coverage and eventually turn
into oxides or carbides. The best catalysts are observed to be
those where the intermediates have free energies following as
closely as possible the interpolated free energy path between
the initial and final states.

The picture is the same for the ammonia synthesis
reaction. Of the metals considered here, Ru and Fe are
known experimentally [24] and theoretically [25] to be the
best catalysts followed by Rh. It is evident from figure 3
that these are indeed the metals that have the smallest maxima
and minima linking the initial and final states. All the noble
metals bind N atoms too weakly, while W binds them too
strongly. Note that in general there is a shift towards weaker
bonding for all the metals when the ammonia synthesis free
energy diagrams are compared with those for the methanation
reaction. This reflects the fact that the best ammonia synthesis
catalysts tend to be a little less noble than the best methanation
catalysts.

5. Conclusions

In the present paper we have established a simple way of
estimating reaction free energies based on scaling relations
between adsorption energies within DFT. We have shown
that it is possible to get qualitative agreement between DFT
and what is found experimentally for the methanation and
ammonia synthesis reaction. With this knowledge we can then
use a limited number of DFT calculations combined with the
models developed based on these calculations to screen for new
catalysts with a better catalytic performance.
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