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Abstract

The main aim of this thesis is to understand the catalytic activity of transition metals and

noble metals for the direct decomposition of NO and the oxidation of CO.

The formation of NOx from combustion of fossil and renewable fuels continues to be a
dominant environmental issue. We take one step towards rationalizing trends in catalytic
activity of transition metal catalysts for NO decomposition by combining microkinetic
modelling with density functional theory calculations. We establish the full potential
energy diagram for the direct NO decomposition reaction over stepped transition-metal
surfaces by combining a database of adsorption energies on stepped metal surfaces with
known Brgnsted—Evans—Polanyi (BEP) relations for the activation barriers of dissociation
of diatomic molecules over stepped transition- and noble-metal surfaces. The potential
energy diagram directly points to why Pd and Pt are the best direct NO decomposition
catalysts among the 3d, 4d, and 5d metals. We analyze the NO decomposition reaction in
terms of the Sabatier analysis and a Sabatier—Gibbs-type analysis and obtain an activity
trend in agreement with experimental results. We show specifically why the key problem
in using transition metal surfaces to catalyze direct NO decomposition is their significant

relative overbinding of atomic oxygen compared to atomic nitrogen.

We calculate adsorption and transition state energies for the full CO oxidation reaction
pathway by the use of DFT for a number of transition and noble metals; Pt, Pd, Cu, Ag
and Au, and for various structures; closed packed surfaces, stepped surfaces, kinked
surfaces, and a 12 atom corner model of a larger nanoparticle. We show obtained linear
scaling relations between adsorption energies of reaction intermediates and BEP-relations
between transition energies and adsorption energies. We establish a simple kinetic
framework within the Sabatier analysis and obtain trends in catalytic activity based on the
descriptors Ep and Eco. We show that gold nanoparticles are optimal catalysts for low
temperature CO oxidation and Pt closed packed surfaces are optimal for high temperature
CO oxidation. We show that the change in catalytic activity of the elemental metals

changes with the coordination number of atoms at the active sites. This effect is shown to



be electronic in nature, as low coordinated metal atoms, which bind reactants most

strongly, have the highest energy metal d states.
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Dansk resume

Formalet med denne afhandling er at opna en forstaelse af den katalytiske aktivitet af
overgangs og ®dle metallerne for den direkte NO dekomponering og CO oxidation.
Dannelsen ad NOx fra forbrending af brendstoffer er til stadighed et vigtigt milj@
sporgsmal. Ved at kombinere DFT beregninger og mikrokinetisk modellering tager vi her
et skridt mod at rationalisere tendenser 1 den katalytiske aktivitet af en rekke overgangs

metaller og ®dle metaller 1 den direkte dekomponering af NO.

For den direkte dekomponering af NO pa steppede overgangs og @dle metaller
overflader, etablerer vi et et potential energi diagram for den fulde reaktion. Dette ggres
ved at kombinere adsorptions energier fra en database med kendte BEP-relationer,
hvorfra vi bestemmer aktiveringsenergier for de enkelte elementar reaktionerne. Potential
energi diagrammet viser, hvorfor Pd og Pt er de bedste katalysatorer til direkte NO
dekomponering, blandt 3d, 4d, og 5d metallerne. Yderligere opnar vi en beskrivelse af
tendenser i den katalytiske aktivitet fra Sabatier Analyse og Sabatier-Gibbs Analyse i
overensstemmelse med eksperimentelle opnaede tendenser. Vi viser, at hovedproblem
med at anvende steppede metaloverflader til at katalysere NO dekompositionen, ligger i
at bindingen af atomart oxygen er for sterk sammenlignet med bindingen af atomart

nitrogen.

Ved brug af DFT beregner vi adsorptions energier og aktiverings energier for den fulde
CO oxidations reaktion for et antal overgangs og @del metaller; Au, Ag, Cu, Pd, Pt, og
for forskellige geometriske strukturer; (111)-overflader, (211)-overflader, (532)-
overflader og for M12 hjgrne-modellen af en stgrre nanopartikel. Vi viser de opnaede
linzre relationer mellem adsorptions energier, og mellem aktiverings energier og
adsorptions energier. Vi etablerer en simple mikrokinetisk model indenfor Sabatier
analysen og opnar en beskrivelse af tendenser i den katalytiske aktivitet baseret pa Eo and
Eco alene. Vi viser, at for lave temperaturer er guld i nanopartikel form den bedste
katalysator og ved hgje temperaturer er Pt(111) overflader den bedste CO oxidations
katalysator. ndringen i den katalytiske aktivitet for de enkelte metaller som funktion af

geometrien er korreleret til metalkoordinationen af det aktive site. Yderligere viser vi, at
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denne effekt er elektronisk af nature, eftersom at de lavt koordinerede metalatomer der

binder reaktanterne staerkest, har de hgjest liggende d-tilstande.
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Chapter 1

Introduction
Heterogeneous catalysis is one of the major industries worldwide. Catalysis is used to

facilitate the production of many chemicals and materials that we use every day. It
provides a range of products from fuels and fertilizers to plastics and pharmaceuticals.
Catalysts are also utilized for the cleaning of exhaust from cars, power plants, and
industrial production. The proliferation of heterogeneous catalysis during the 20th
century has indeed led to a significant improvement in the living standard of a large
fraction of the world’s population. It is perhaps therefore natural that one of the hundreds
of important heterogeneous catalytic reactions was selected as the most important
invention of the 20th century, ahead of the discovery of penicillin, the construction of the

first transistor and the design of the integrated semiconductor circuit [1].

Within this thesis we will focus on heterogeneous catalysis, where the catalyst is in the
solid state and the reactants and products in the gas-phase. A catalytic reaction is made up
of three major steps. First the gas phase reactants adsorb on the catalyst. Next the reaction
intermediates react at the catalyst and finally the catalyst lets the products desorb from
the surface of the catalyst into the gas phase. A catalytic reaction takes place at the active
site of the catalyst. Therefore the active site is a key component in heterogeneous
catalysis [2]. Density functional theory calculations have reached a good accuracy and
efficiency for obtaining adsorption and transition state energies for catalytic reactions in
heterogeneous catalysis [3, 4]. In combination with microkinetic modeling it is possible
to study trends in catalytic activity from one metal to the next — and from one local
structure to the next. We can thus obtain an atomic level understanding of the optimal
catalyst composition and structure. Further we can understand the underlying catalyst
properties causing the change in activity from one metal to the next and for different

surface structures in terms of electronic and geometrical effects.



In this thesis we aim to understand which catalytic properties determine the catalytic
activity at a fundamental level for direct NO decomposition on stepped transition metal
surfaces and for CO oxidation on various structures of transition metals. We base such
an understanding on combining DFT [3] with microkinetic modeling. For a given catalyst
of a certain structure and composition we map out the out the full potential energy
diagram for NO decomposition and CO oxidation from DFT calculations on adsorption
and transition state energies. From linear scaling and Brgnsted-Evans-Polanyi relations
[5, 6] we predict the parameters most important in determining the catalytic activity and

we use these in a microkinetic model to obtain trends in catalytic activity.



Outline

In Chapter 2 a brief description of the basic of density functional theory is given.
Throughout this thesis DFT have been employed to obtain reaction and activation

energies for the direct NO decomposition reaction and the CO oxidation reaction.

In Chapter 3 the topics in heterogeneous catalysis relevant for this thesis are described
briefly; catalytic reactions, chemisorption, BEP-relations, surface structure and volcano

curves are covered.

In Chapter 4 an introduction to the simple kinetic framework, The Sabatier Analysis, and
the more constrained Sabatier-Gibbs Analysis is given. These microkinetic models form,

together with DFT, the basis for the research results obtained during this PhD.

In Chapter 5 trends in direct NO decomposition on (211) transition metal surfaces are
described from BEP-relations and volcano curves obtained from a combining DFT

calculated energies with microkinetic modeling.
In Chapter 6 the focus is on the catalytic activity of nanoparticles. We especially focus on
gold nanoparticles and the role of surface structure for the catalytic activity for the CO

oxidation reaction.

Finally some overall conclusions and outlook.



Chapter 2

Electronic structure theory
This chapter is a summary of the theory behind the electronic structure calculations

performed. We use Density Functional Theory (DFT), which is a standard electronic
structure method in heterogeneous catalysis. A number of good textbooks [7, 8] and
reviews [9, 10] on DFT exist; we refer to these and give here a brief description of the
most important aspects of DFT. All the calculations in this thesis are performed using the

freely available total energy code DACAPO [11].

2.1 The Schrodinger equation

The Schrodinger equation is central in quantum mechanics. It describes all quantum
mechanical properties of a system. Within the Born-Oppenheimer approximation [12] for

an isolated N-electron system the time-independent electronic Schrodinger equation is

given by:
HY = E¥ (1)
Here E is the electronic energy of the system and ¥ =¥ (1, 1,, ....., 1y ) is the many-body

wavefunction depending on the spatial coordinates of the electrons, r;. In the Born-
Oppenheimer approximation the interactions between the nuclei and the electrons are

decoupled, and the electrons are moving in a static external potential.

The Hamiltonian H is:



R )

Where the first term of the Hamiltonian is a kinetic energy operator, T , the second term is

the external potential, \%

ext ?

acting on the electrons (in the absence of an external potential
this reduces to the attractive forces between the nuclei and the electrons) and the last term

is the electron-electron interaction and is denoted \A/ee.

Different wavefunction methods can be used to obtain precise results of equation (2).
However such methods are computationally very demanding for extended systems of

heterogeneous catalysis.

2.2 Density functional theory

In heterogeneous catalysis the standard electronic structure method is Density Functional
Theory (DFT). The basic idea behind DFT is that the electronic energy of a system can be

written in terms of the electron density, p . This reduces the problem of N interacting

electrons with 3N degrees of freedom to 3 degrees of freedom.

2.2.1 The Hohenberg-Kohn theorems
In 1964 the very basis of DFT was made Hohenberg and Kohn [13], where they showed

that there is a one-to-one correspondence between the potential and the electon density of

the ground state. Therefore the total energy is only a functional of the density:
Elp)=(¥[p]lH|¥[p]) 1)

Further they proved the total energy has a minimum equal to the ground-state energy at
the ground-state density. This does not tell anything about the form of the functional

dependence of the energy on the density; it only tells us that such a functional exists.



2.2.2 The Kohn-Sham equations
The next major breakthrough came one year later in 1965 [14], where Kohn and Sham

presented a scheme for obtaining the ground state energy. The scheme represents a way
of mapping a many-body problem of a system of interacting particles located in an

external potential, onto a system of non-interacting single electron states, ¢.(r), in an

effective potential, with the same ground state density.

They showed that the exact ground-state electronic energy functional of an N-electron

system can be written as:

E[p] =Ein [p] +Ep [ 2] 2)

where E0" [ p] is the kinetic energy for the non-interacting system. EL“O‘I [ p] is the

potential energy of the interacting system:
E:(:l[p]:Eexl[p]—i_EH[p]+Exc[p] (3)

where E_ [p] is the external potential, E, [ p] is the classical Hatree energy term and

E. [ p] is the exchange-correlation term that contains all non-classical electron-electron

interactions. The exchange-correlation energy is the main challenge for obtaining

accurate results with DFT.

The kinetic energy of the non-interacting electron system is:
N . )
Bz [0]=3 [0 (r) Vg, (r)dr @

where @ (r) are the KS-orbitals which are obtained from solving the KS equations:



{—;V +Vy (r)} =& )

where €, is the KS orbital energy corresponding to the KS orbital, ¢, . The effective

potential has the form:

ext .[_dr+vXC( ) (6)
-]

The effective potential is also called the KS potential. The major challenge in DFT lies in

obtaining the exchange-correlation potential which is the functional derivative of the

exchange-correlation energy, E,_ [ o] :

) [r] — 5Exc [p(r)]
- dp(r)

(7)
The KS equations are solved in a self-consistent fashion, where we start out with an
initial guess of the electron density, p , and by using some approximate form for the
functional dependence E,. we obtain the effective potential in equation (6).

The KS equations are then solved and we obtain the KS orbitals, which can be used to

calculate the density:

p(r)=2Jo(r) . (®)

If the density is the same as the initial within a given threshold the calculation is
converged and the energy can be computed using equations (2), (3) and (4). If not the
new density (or a mixture of the new and the old) is used in equation (6) to obtain the

effective potential again and the procedure is reiterated until the density is converged.



The genius part in the KS method is that we calculate the majority of the energy exactly
leaving only a small residual term the exchange-correlation to be approximated. Walter

Kohn received the Nobel Prize in chemistry for his contributions to DFT in 1998 [3].

2.3 The exchange-correlation functional, plane waves and
pseudopotentials

The exchange-correlation functional contains all the unknown parts of the total energy
functional. In solving the KS-equations the main challenge is finding an accurate enough
approximation for the exchange-correlation functional. The approximations most
commonly used in solid state physics are the Local Density Approximation (LDA) and
the Generalized Gradient Approximation (GGA). In this thesis we use GGA based on the
RPBE functional [15], which has shown improvement in the description of the energetics

for adsorption of species on surfaces.

The most commonly used basis sets in DFT are plane waves and Gaussians. Here we
describe the adsorption on metal structures in unit cells repeated infinitely in space. In the
DFT code employed in this thesis DACAPO [11] the wave functions are expanded in a

plane wave basis using Bloch’s theorem:

l//i (r) - zfci,f¢j (I') = GCi,k+G€i(k+G)l‘ (9)

where ¢, are the expansion coefficients, K is a wave vector in the first Brillouin zone,

and G is the wave vector in the reciprocal space. In principal an infinite number of plane
waves are needed for each k-point, however a finite number is sufficient to approximate
the wave function and the total energy. In our calculations we limit the number of plane

waves by introducing an energy cutoff:

1
kGl <, (10)



Also in order to limit the amount of plane waves needed, we here use ultrasoft Vanderbilt
pseudopotentials [16] to describe the core electrons and only the valence electrons are

treated explicitly.



Chapter 3

Heterogeneous catalysis
In this chapter we will give a brief description of the background for the material

presented in this thesis and in the included papers. The overall topic of this thesis is
heterogeneous catalysis. We will here present some background of the factors
determining the catalytic activity by describing how the adsorption energy of an atom
changes from one metal to the next. We will then go on describing the linear relations
between reaction and activation energies, the so called Brgnsted-Evans-Polanyi (BEP)
relation, for a given elemental surface reaction. We will describe the underlying effects in
catalytic activity, the electronic and geometric effects, and how these effects can be
separated from each other by considering BEP-relations for a given surface reaction at
different transition metals and surface structures. Finally we will describe how the BEP-
relations ultimately lead to a volcano curve in heterogeneous catalysis. This forms the

very basis of this Ph.D-thesis.

3.1 Catalysis

A catalyst increases the rate of a chemical reaction. Reactants bind to the surface of the
catalyst, bonds are broken, and products are being formed leaving the catalyst unaltered.
Thus a good catalyst must bind the reactants and at the same time facilitate the formation
of products. In order for the products to desorb a good catalyst must not bind the products
too strongly. In this thesis we focus on heterogeneous catalysis in which the reactants and
the catalyst are in different phases. In this thesis the reactants and products are in the gas

phase and the catalyst is in the solid phase.

10



Transition state

3

Reactants
Products

Energy (eV)
o

AE

Molecular
precursor

Intermediates

Reaction coordinate

Figure 1 Schematic energy diagram for a chemical reaction a long the reaction coordinate of the reaction.

A catalytic reaction can be described by its potential energy diagram. In Figure 1 such a
potential energy diagram is shown. The diagram shows the stability of the intermediates
and the activation barrier of the reaction. The initial and final states of the reaction are
located at the local minima on the potential energy diagram and the transition state on the
local maximum separating them. In order to go from the initial to the final state the
transition state must be passed. Here we denote the energy difference between the
transition and initial state as the activation energy, E,, and the energy difference between
the transition state and the energy of the gas-phase reactants as the transition energy.

Finally the reaction energy, AE, is the final state energy, E_, minus the initial state
energy, E . A catalyst only influence the kinetics of the reaction — e.g. lowers the

activation barrier for the process, while the thermodynamics is unaffected.

11



3.2 Chemisorption

The variation in the adsorption energy of a substance from one metal to the next can be
understood from the d-band model [17, 18, 19]. In Figure 2 the interaction between the

valence state of the adsorbent with the metal s- and d-states is shown.

Vacuum Couplingtos Coupling to d
-‘ I 3

e [eV]

Adsorbate Metal
projected DOS projected DOS

Figure 2 Schematic of the d-band model. Adapted from Ref. [19]

We think of the adsorption as a two-step procedure. First the valence state of the
adsorbate is coupled with the s-state of the metal. This causes a broadening and downshift
of the adsorbate state. The transition metals all have half filled s states [20] and therefore
this interaction does not change from one transition metal to the next. The interaction
between the d-states of the metal and the renormalized adsorbate state is a strong
interaction and leads to a splitting in bonding and anti-bonding states below and above
the initial states of the adsorbate and the metal. When the antibonding states are shifted
above the Fermi level they become empty and therefore the adsorbate will bind more
strongly to the metal. Also, bonding states might be shifted down below the Fermi level
and become occupied, which will also increase the adsorption energy. Hence trends in
adsorption energies between the adsorbent and transition and noble metals will depend

primarily on the coupling to the metal d-states.
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3.3 Surface structure
In Figure 3 the different surface structures studied in this thesis are shown; closed packed,

stepped, kinked surfaces, a model of a nanoparticle and a model of the corner of

nanoparticle. The coordination number N, indicated in Figure 3 is the number of nearest
neighbors for the indicated metal atom. For closed packed surfaces each metal atom has
coordination number equal 9, for metal atoms at the step of the (211) surfaces it is 7, for

kink atoms the number is 6 and the corner metal atoms has 4 nearest neighbors.

(a) Au (111) close packed surface (b) Au (211) stepped surface

(c) Au (532) kinked surface  (d) Au 55 atom and Au 12 atom clusters

Figure 3 Schematics of different surface structures (a)
(111) closed packed surfaces, (b) stepped surface

(c) kinked surface (d) nanoparticle and corner model
of a nanoparticle.

Obviously, each structure offers different active sites for catalysis in terms of local
geometry. A change in the surface geometry will also lead to a change in the electronic
structure of the catalyst. Since we in this thesis study the catalytic activity of transition
and noble metals we her characterize the change in electronic structure in terms of

shifting the d-band center up or down in energy (see section 3.2).
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Figure 4 Local projected DOS for the low coordinated metal atoms on
different structures.

In Figure 4 we show the metal d-states for closed packed, stepped, kinked and the M12
corner-model for Au. The energy of the d-band center relative to the Fermi energy is also
shown. The figure clearly shows, that the d-band shifts up, when going from high
coordinated metal atoms at closed packed surfaces to low coordinated atoms at the
corner-model of a nanoparticle. In chapter 6 the effect of changing surface structure will

be discussed in detail for the CO oxidation reaction.

3.4 Brgnsted-Evans-Polanyi relations for surface reactions
Here we will consider the Brgnsted-Evans-Polanyi (BEP) relation between the activation

energy of a chemical reaction and the reaction energy [5, 6]. It turns out, that the

activation energy for a surface reaction is linearly correlated to the reaction energy:

Ea =0aAE + [

Where Ea is the activation barrier for the surface reaction and AE is the reaction energy.
The BEP relationship is found throughout chemistry [31] and in surface chemistry in
particular [32, 33, 34, 35].
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For a class of heterogeneous catalytic reactions, activation of diatomic molecules

(A,+2* <> 2A*) over transition metal catalysts Ngrskov ez al. [21] found a universal

reactant-independent linear relationship between the activation barrier and the reaction

energy.
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Figure 5 The universal BEP-relations for dissociative
chemisorption of diatomic molecules on (a) closed-packed
surfaces and (b) stepped surfaces. Adapted from Ref [21].

The BEP-relations in Figure 5 are for dissociative chemisorption of the diatomic
molecules, CO, NO, O, and N, on closed-packed and stepped transition metal surfaces.
The BEP lines for the different surface reactions fall on the same universal BEP-line, but
varies for the closed packed and stepped surfaces.

For closed packed surfaces the BEP relation is:

E, =0.90AE +2.07eV (11)
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And for stepped surfaces:

E, =0.87AE + 1.34eV . (12)

The BEP-lines for the closed packed and stepped surfaces are clearly separated. Hence,
for the same reaction energy, the activation barrier will be approximately 0.7 eV lower on
a stepped metal surface, than on a closed packed surface. In the next section we will
discuss the effects in the structure of the surfaces causing this separation. In Chapter 5.2.2
the microkinetic model for direct NO decomposition on stepped transition metal surfaces

is based on the BEP relation in equation(12).

3.5 Electronic and geometric effects
The reactivity of surfaces depends on both electronic and geometrical effects. In chapter

3.2 we showed that the d-band center of the transition metals is a good measure of the
adsorption strength of the intermediates. The d-band center changes from one transition
metal to the next, and as discussed, also by changing the local structure of the active site.
A change in the d-band center will act on both the reaction and activation energy of an
elementary surface reaction. This is a purely electronic effect. The geometrical effect, on
the other hand, is due to a variation in the “geometrical stabilization” of the transition

state structure offered by the different surface structures.

One can differentiate the two effects by plotting the Brgnsted-Evans-Polanyi (BEP) [5,
6]relation for a given elementary reaction for varying surface structures and metals. The
electronic effect acts on both the stability of the intermediates and of the transition state.
This corresponds to moving along the BEP line. The geometrical effect is the shift
between BEP lines in the vertical direction. Often the change in catalytic activity we
observe for changing the surface structures is not either-or, but a combination of both
electronic and geometrical effects. In Figure 5 the electronic and geometrical effects are

clearly separated for the dissociative chemisorption of diatomic molecules. In Chapter 6
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we will show that there is no geometrical effect for a change in surface structure on the

CO oxidation reaction.

3.6 Volcano curves in heterogeneous catalysis

The French chemist Paul Sabatier stated in 1911 that the interaction between the catalyst
and the adsorbate should be "just right"; that is, neither too strong nor too weak [22]. If
the interaction is too weak the catalyst will e.g. be unable to dissociate a bond. On the
other hand, if the interaction is too strong, the reaction intermediates will be unable to
desorb from the catalyst. Due to the linear scaling between adsorption energies, and
between activation energies and adsorption energies for surfaces reactions, the trend in
catalytic activity for metals of different reactivity in the Periodic Table can be understood
directly based on a single descriptor, which we often choose to be the dissociative

chemisorption energy of the key reactant. This leads to the volcano curve for catalytic

reaction.
. Dissociation rate ', L’ Desorption rate
constant: k. . L constant: kdes
=
=
K3}
<
Q
=
8
©
(@]
AN e
Volcano relation

AE

Figure 6 The catalytic activity versus the reaction energy of the dissociation
reaction. More negative reaction energy (left) signifies that the adsorption
reaction is more exothermic.

An activity trend such as the schematic plot shown in Figure 6 will often appear (a

volcano relation). For more reactive metals (AE further to the left) the removal of the
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dissociated reactants from the surface into the product gas phase will usually limit the
catalytic rate. For the less reactive metals (AE further to the right) this desorption
process is fast, and the dissociation barrier is high, so the catalytic rate is limited by the
activation of the key reactants. The optimal catalyst will be one having intermediate
reaction energies and the catalyst will be located at the top of the volcano curve, as

predicted by P. Sabatier.
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Chapter 4

Microkinetic modeling

Throughout this thesis we are interested in describing the trends in catalytic activity from
one transition metal to the next. In Chapter 5 we describe such trends for the NO
decomposition reaction on stepped transition metal surfaces and in Chapter 6 we describe
trends in the CO oxidation reaction for different catalyst structures and transition metals.
We model the reaction rates using a simple kinetic framework within the “Sabatier
Analysis” [23]. For the NO decomposition reaction we also use the Sabatier-Gibbs
Analysis, which is still within the Sabatier framework, but impose stricter upper bounds

on the surface coverages of the reaction intermediates.

Here we illustrate how to set up the microkinetic models for the Sabatier Analysis and for
the Sabatier-Gibbs Analysis. We do this for a simple catalytic reaction and we compare

the obtained reaction rates with the rate from the numerical solution.
4.1 Introduction

We consider the simple catalytic reaction

A,(g) +2B(g) <> 2AB(g)

And assume that the reaction proceeds via the two following elementary steps:

(RD) A, +2% 2A%*

=
=

(R2) A*+B AB + *

where a diatomic gas-phase molecule A; is dissociativly adsorbed on a catalyst surface.

The adsorbed intermediate reacts with a gas-phase species, B, and associatively desorbs
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from the catalyst surface. A species denoted with an asterisk is adsorbed on the catalyst

surface and an asterisk is an active site on the catalyst.

The rates for elementary reactions (R1) and (R2) are:

rlsz:k;ef - k03 :pAzefk; (1+v,) (13)

1, =kjpg0, -Kip,s0. = 0,pgks (1'72) (14)

Where p, , py and p,; are the gas-phase partial pressures, 6. and 6, the surface

coverage of free sites (*) and reaction intermediate A respectively. ¥, is the approach to

equilibrium for elementary reaction (R;).

The rate constant k; for step, (R;), in the forward or backward direction for each

elementary step is given by:

1 1 k T

B

K, = v,exp {—'AE* +TAS, } (15)

where Vv, is the prefactor. Throughout this thesis we assume the prefactor, v, is metal
independen [24] and equals v, = k,;T/h. AE,; is the activation barrier for the reaction and
AS,; the entropy change, kg is the Boltzmann constant, and T is the temperature. Further
we assume AS; = £S_, since in general the entropy of the molecules in the adsorbed
state is much smaller than the entropy of the gas-phase molecules .

The equilibrium constant is given by:

K, = 5 = exp| AETS) (16)
k,T

And the approach to equilibrium for the overall gas phase reaction is:
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1 2
y= pA32 (17)
Keq pAzpB

4.2 The Sabatier analysis

The Sabatier Analysis was first described by Bligaard et al [23]. It is based on three
basic assumptions: i) all activation barriers are calculated from known BEP relations, ii)
only net-forward rates (r;>0) are considered, iii) the coverage of free sites and surface
species are assumed optimal for each reaction step in the forward direction. We
emphasize that these assumptions ensure the Sabatier rate to be an exact upper bound to

the reaction rate.

4.2.1 Activation barriers
The activation energies for the elementary reactions (R1) and (R2) we obtain from the

“universal” BEP-relation [21] for dissociative chemisorption of diatomic molecules on
closed-packed transition metal surfaces described in Chapter 3.4.
The activation barrier for the forward rate of the dissociative chemisorption of A; is

described by:
E,.= ,AE +B, (18)

where AE, is the reaction energy for reaction (R1), o,=0.87 and B,=1.34 eV..

The backward reaction is just the reverse, hence the activation energy for the associative
desorption is given by:
al

E;, = (o,-1)AE, +B,. (19)

For the activation barrier in the forward direction of (R2) we assume that a BEP-relation

exists such that:
E, =o,AE, +8,
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where we choosea,=-0.13 and 3,= 0.8 eV . By choosing a negative value for ¢, we

ensure that the activation energy increases for a strong binding of reaction intermediate

A. For the backward reaction the activation energy is given from:

E,=E; —AE, (20)

The reaction energy for elementary reaction (R2) is:

AE, =1/2(AE,-AE,) Q1)

where AE, is the reaction energy for the overall gas-phase. Since the activation energies
for reactions (R1) and (R2) are described by AE, , and the reaction energies are linearly

related (equation (21)), we have a single descriptor for the catalytic activity and we

choose AE, as descriptor for the catalytic activity.

4.2.2 The approach to equilibrium
The next basic assumption is that we only consider net forward rates (r;>0). The approach

to equilibrium for an elementary step, v;, and overall reaction, vy, are therefore restricted:

0<y<land0<y <1 (22)

Since the approach to equilibrium for the overall gas phase reaction is the product of the
approaches to equilibrium for the elementary reactions, ¥ = ¥, %, we obtain the further

bound:

0<y < y" <1 (23)
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4.2.3 The Sabatier rate
Now we address the Sabatier rate. For noble metals the surface will be nearly empty

(6. =1) and the dissociative chemisorption of A, will be rate determining

(7, =y and y, =1). Hence an exact upper bound to the rate for reaction (R1) is:

5 =2p, ki (I-y) (24)

For more reactive metals, the surface coverage will be high (8, =1) and the desorption

reaction (R2) will be the rate determining (), =1 and y, = \/; ). And an exact upper

bound to the rate is described by:
= pyks (1Y) (25)

Because the surface coverage has an upper bound of 1, the Sabatier rate for the overall

reaction must be bound by equation (24) and equation (25):

R =min{2k,p,, (1-9). k,p; (1-7 )} (26)

4.3 Sabatier-Gibbs analysis

The Sabatier Analysis is based on the assumption that the coverage of the reaction
intermediates and free sites are “optimal”. However this is probably too optimistic. We
here apply a stricter bound on the surface coverages of the reaction intermediates in the

forward reactions.
We use that we from equation (23) have lower and upper boundaries on the approach to

equilibrium for each elementary reaction, and hence also on the coverages of the reaction

intermediates. By using these bounds we ensure that the coverage for each reaction
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intermediate is within the interval between the coverage at a given approach to

equilibrium for the overall reaction and the equilibrium coverage.

The approach to equilibrium for the overall reaction is

1 pl
ye 27)
KK pipa,

For each elementary step the approach to equilibrium is:

_ eAZPA2 _ XAZPAZ

= = 28
h 0.’K, K, 28
v, = 0.psp —_Pas  _N YK.py, (29)
2
0,psK, MapsK, /N

Where A, = 0,/0. is the coverage activity of species A.

From equation (23), the boundaries on 7, and y, are:

y<y <land y<(y,)* <1 (30)

Inserting 7, and 7, in eq. (30) we get the following lower and upper bounds on 4, :
= fon Ky and A2 = p, K, 31

From the conservation of sites, 29;1 we have:

i=1

in 1 and 0, = L (32)
AT +1 AT+l

Therefore the maximum coverage of species A is:
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P, K

‘/pA2K1+1

eidx — kiaxe;ﬂin —

(33)

We now have expressions of the maximum coverage of the surface intermediate A*, and
the maximum coverage of free sites, within the boundaries given by the coverage at a
certain approach to equilibrium and the coverage at equilibrium. It is however important
to note that this procedure for obtaining the maximum coverages for each reaction
intermediate is only possible for a catalytic reaction, where there is exactly one product

and reaction channel for each intermediate.

The Sabatier-Gibbs rate has the same form as equation (26), but with stricter upper

bounds on the coverage of each intermediate in the forward direction:

Ry, = min{Zklp N (6 )2 (19). K, (1-y )} (34)

25



4.4 Volcano curves

We here study the performance of the Sabatier Analysis and of the Sabatier-Gibbs

Analysis. We compare the results with the real rate obtained from the numerical solution.

Log(TOF) [s']

AE, [eV]

Figure 7 The Sabatier-Gibbs volcanoes (blue) and real volcanoes (red) for
various values of y. The solid black volcano curve is the Sabatier volcano at

y = 0 and the dotted black volcano is the Sabatier volcano for y = 0.90.
In Figure 7 we present Sabatier, Sabatier-Gibbs and real volcanoes for various overall
approaches to equilibrium. The Sabatier and the Sabatier-Gibbs volcanoes are upper

bounds to the real rate.

Far from equilibrium the Sabatier volcano is in good agreement with the real volcano,
since the coverages of the intermediates for an elementary reaction in the forward

direction are approaching “optimal” for y — 0. On the other hand, when we approach
equilibrium the Sabatier volcano is still in qualitative agreement with the real volcano,

but is far off quantitatively.
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In general the Sabatier-Gibbs Analysis of the surface coverages improves the description

of Sabatier rate considerably. For ¥ — 1 the Sabatier-Gibbs volcano is approaching the

real volcano, since the coverages are described exactly at equilibrium. On the other hand
the Sabatier-Gibbs description also performs well far from equilibrium, since we here are
in the range of optimal coverage. For the case with an intermediate approach to
equilibrium the Sabatier-Gibbs rate is an upper bound to the real rate, and is
quantitatively still close to the real rate. However for the overall reaction described here

the dissociative chemisorption reaction is rate determining for the Sabatier-Gibbs rate for
all approaches to equilibrium over the entire energy range, except for ¥ =107 . For more

complex catalytic reactions, where there is more than one step forming the volcano,
probably the Sabatier-Gibbs volcano will not be in this good agreement with for the real

volcano for an intermediate approach to equilibrium.
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Chapter 5

The direct decomposition of NO on transition metal surfaces
This chapter is based on the included papers [25, 26] describing NO decomposition on

stepped transition metal surfaces. We study the catalytic direct decomposition of NO to
N, and O; over a series of (211) transition metal surfaces. We combine DFT with
microkinetic modeling and obtain a simple tool to describe trends in the catalytic activity
for the decomposition of NO. The Sabatier rate is described for the NO decomposition
together with more restricted Sabatier-Gibbs rate. The theoretical modeling leads to a
volcano curves for the catalytic activity, where the rate for the noble surfaces is limited in
how fast the catalyst can dissociate NO and for the more reactive surfaces by how fast the
desorption of O, occurs. We compare the theoretical obtained activity with the
experimentally obtained volcano. And finally we show why transition metal surfaces are
probably not the optimal catalysts for decomposition of NO due to a significant

overbinding of atomic oxygen compared to the binding of atomic nitrogen.

5.1 Introduction

Nitrogen oxide, NO, in exhaust gases from the combustion of fossil and renewable fuels
is a major source of air pollution. NOx contribute to a range of environmental problems;
photochemical smog, acid rain and greenhouse effects. The increasingly stringent
emission requirements for diesel engines require NOx abatement technology, which is
effective under lean-burn conditions. Various technologies such as NOx traps [27] and
selective catalytic reduction (SCR) exist [28, 29, 30], but it would be preferable if a
simpler process could be developed based on direct NO decomposition. In the direct NO
decomposition reaction, the exhaust containing

NO is flowed over a heterogeneously catalytic surface, where the NO bond is split, and N
atoms recombine to N, while the O atoms recombine to O,. The direct NO decomposition

reaction is thermodynamically favored at low temperatures, but it has proven difficult to
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find a catalyst that is both active and oxidation-resistant [31]. Here, we study the direct
decomposition of NO over stepped transition metal surfaces, since such step sites are
known from theoretical calculations to be significantly more active for NO
decomposition than the corresponding close-packed surfaces [21, 32, 33, 34, 35]. This
enhanced reactivity of steps also explains why smaller transition-metal particles show

enhanced activity for NO decomposition [36].

5.2 Method

5.2.1 Experimental

The catalysts were prepared by incipient wetness impregnation of metal solutions on a
MgAlL O, support, with a surface area of 70 m*/g and using metal concentrations of 92
pmol/g. Of each catalyst, 300 mg, was placed in a quartz tube reactor. A flow of 25
ml/min of 1 vol. % NO in He was then admitted to the reactor at ambient pressure. The
activity was measured at 600-650°C. At each temperature, the measurement was
performed for two hours to achieve stable conversions. The concentrations of NO, N, and
O, were monitored using gas chromatography with a Thermal Conductivity Detector and
a molecular sieve packed column. In all experiments, no traces of N>O or other products

were detected.

5.2.2 Microkinetic models for the direct decomposition of NO

The overall NO decomposition reaction is:

2NO = N, + 0,

The decomposition is assumed to take place in four elementary steps:

(R1) NO+* <« NO*

(R2) NO*+* < N*+ O*
(R3) N*+N* < N, +2%
(R4) O*+0* <& O, +2%*
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A species denoted with an asterisk is adsorbed on an active site on the transition metal

catalyst, where an asterisk is a vacant active site on the surface.

The rates for the elementary reactions are given by:

I = Pro0*k; - O30k; = Pro0*k; (1)) (35)
5, =000.k; - 0,0k, = 0,00.k] (1-v,) (36)
r,=03k; - 02py k; = 03k (1-7;) 37)
r, = 0gk; - 02p, k; =00k (1-y,) (38)

Where py,. py, and p,, are the gas-phase partial pressures, 6%, 6, 6, and 6 the

surface coverage of free sites (*), NO, O and N. The rateconstants are given from:

k, =v.exp 39)

1 1

-AE, +TAS,,
k,T

B

We here assume that the prefactors and adsorption entropies are metal-independent. Since
all elementary steps are dissociation or association reactions for diatomic molecules we
use the universal Brgnsted-Evans-Polanyi relation for stepped surfaces from Ref. [21],
described in Chapter 3.4, to describe the transition state energies Ersz, Erss and Erss from
reaction energies. Trends in the catalytic activity for the direct decomposition of NO is

determined from following metal-dependent parameters: Exo Eo and Ex.
The modelled NO decomposition rates, The Sabatier rate and Sabatier-Gibbs rate, are

calculated using the experimental conditions for the initial partial pressure, and 5%

conversion of NO corresponding to average experimental conversion.
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5.2.3 The Sabatier rate

The Sabatier Analysis is described in Chapter 4.2 and in Ref. [23]. For the NO

decomposition reaction we obtain the following Sabatier elementary rates:
£, = Prokt (147 )15, = 1/4K; (1-fy ) 15 = 2K (1-y) and 1y, = 2K; (1-y)
The Sabatier rate for the total reaction is bounded by the rates for the individual steps:

Ry =min| pyoky (1=7). 174K (17 )26 (1=7).24 (1-7) | (40)

5.2.4 The Sabatier-Gibbs rate

In order to determine the Sabatier-Gibbs rate for the NO decomposition we follow the
procedure outlined in Chapter 4.3. For the elementary reaction (R1)-(R4) the approach to

equilibrium is given by:

A AA Py, 1 Po, 1
V=, Y, = S ——‘—andY4:K_;E

1
- fY —
KiPro K, Ayoh ’ K, 7”?\1

Where the surface activity, 4, for the adsorbed reaction intermediates

are: Ay, = 0yo/6. Ay = 0,/6. andr, = 6,/6. .

The boundaries on the coverage of NO are obtained from the boundaries on the approach
to equilibrium for reaction R1. The maximum possible coverage of NO is obtained, when

reaction (R1) is at equilibrium:

Y, =1 = Ao =ProK (41)
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The coverage of NO will be at the minimum value when the reaction being as far from

equilibrium as the overall reaction “allows’:

Yi=y = AB = p KWy (42)

Similarly the boundaries on the surface activity N from the boundaries on the approach to

equilibrium for reaction (R3):

x;ﬁn = /Pn, /K3 and A" = vPx, /K3 Y- (43)

From the boundaries on the approach to equilibrium for reaction (R4) the boundaries on

Ao are:

A = JPo, /K, and Ag™ = /p, /K, v. (44)

From the conservation of sites, Z 6. =1, we can express the coverage of free surface

sites in terms of the surface activities of the adsorbed species:

01" =1/ (14+A%8 A5 +A0" )

0. =1/(14+h+ho+Ay ) = ‘ ‘ ‘ 45)
/( NO (6] N ) e?ax: 1/(1+7\1[;]u(; +>\Igun +>\III:HH )

The maximum coverages for NO, O and N are:

0% = Ao 0" = 07"pyoK, (46)

OX™ = A0 = 0" [py, /K5y (47)
L 48)
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We now have expressions for the optimal coverages in a Sabatier-Gibbs sense. The
Sabatier-Gibbs rate for the decomposition of NO is bounded by the rates for the

elementary steps:

Ry =min{07pyok, (1-7), 0708k, (1-7) ks (03°) (1-9), K, (05) (1-1)]

5.3 Results

5.3.1 Potential energy diagram for direct NO decomposition

In Figure 8 we have constructed a potential energy diagram for the decomposition of NO
on a series of transition metal catalysts, showing adsorption and transition state energies.
The adsorption energies are from Ref. [23] and the activation barriers are obtained from
BEP-relations. As described in the previous section, the decomposition is assumed to take

place via four elementary steps:

(R1) NO+* <« NO*

(R2) NO*+* « N*+ O*
(R3) N*+N* < N, +2%
(R4) O*+0* < O, +2*

The decomposition reaction has two main parts. First the NO molecule adsorbs and
dissociates at the metal surface (R; and R;), next N, and O, from the atomic precursors
and are recombined and removed from the metal surface (R3 and R4). A good catalyst for
the direct NO decomposition is characterized by a low activation barrier for NO

dissociation and weak binding of the intermediates.
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Figure 8 Potential energy diagrams for the direct NO decomposition reaction over transition metal
surfaces. A more negative energy means stronger adsorption. Adsorption energies of reaction intermediates
are from Ref. [23] and transition state energies calculated applying the universality principle [21] on these
energies.

The reaction intermediates, NO, N and O, adsorb strongly to the less noble transition
metals, Rh and Ru, have intermediate binding energies on Pt and Pd, and adsorb weakly
to the noblest of the transition metals, Ag and Au. Strong adsorption energies of the
reaction intermediates on one hand favor the dissociation of NO and on the other hand
hinder the associative desorption of the reaction products, O, and N,. Therefore, as seen
in Figure 8, for the noblest metals, the adsorption of NO is simply too weak for the
dissociation to take place, and on the other hand Ru and Rh tend to overbind the
intermediates facilitating the dissociation of NO, but making the associative desorption of
N and O difficult. The best catalysts must be Pd and Pt, since these do not overbind the
intermediates to the same extent as Rh and Ru, and at the same time do not present the
same problems with unstable reaction intermediates as the more noble catalysts Au and

Ag.
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5.3.2 Scaling relations

In Figure 9 the dissociative chemisorption energies for NO, O,, and N, on the transition
metals are presented. The energies are highly correlated. Linear best fits of the energies
show that the dissociation energy for adsorbed NO is described very well with the

dissociative chemisorption energy for O, and less well with the corresponding energy for

N, dissociation.

Ediss(NZ)

Ediss(oz)

Energy [eV]

40l W Mo Fe RuRh PLPd Ag Au
5 4 3 -2 A 0 1 2 3

Eyss(NOY) [eV]

Figure 9 The figure shows the dissociative chemisorption energies for N, and O, versus the dissociation
energy of adsorbed NO. Correlation equations are obtained from linear best

fits, E, (0,)= 1.31E, (NO*)-2.91 eV, R’=0.99"; E, (N,)= 1.39E, (NO*)}+1.54 eV, R*=0.91

diss diss

Since the reaction energies of the elementary steps are highly correlated, we can choose
just one reaction energy as the descriptor for the catalytic activity in the microkinetic

model. We choose the dissociation energy of NO as descriptor for the catalytic activity.

5.3.3 Sabatier and Sabatier-Gibbs volcanoes

In Figure 10 we show the Sabatier rates for the elementary reactions, together with the
Sabatier and the Sabatier-Gibbs volcanoes as a function of the dissociation energy for
NO. The dissociation rate of NO is fast at the surfaces of the more reactive metals to the

left in the periodic table and slow at the noble metals, and the rate is the limiting step for

! The linear values have been corrected from Ref. [26].
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the overall NO decomposition on Au, Ag and Pd. On these metals the weak binding of
oxygen facilitates the associative desorption of O,, where the strong binding at the more
reactive metals like Ru and Rh inhibits the associative desorption and causes the rate to
be limiting for the overall reaction. Oxygen is at all surfaces more strongly adsorbed to
the metals than nitrogen and for this reason is associative desorption for Ny is faster than
O, for all the transition metals here. From the individual rates a Sabatier type volcano is

formed (the Sabatier rate).

At the left leg of the Sabatier volcano the NO decomposition is limited by a too strong
adsorption (the reactive transition metals) of oxygen and on the right side (the more noble
metals) the weak interaction hinders the dissociation of NO in agreement with the
Sabatier principle [22]. This is also the picture one would expect from the discussion of

the energies in section 5.3.1 .
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Figure 10 Sabatier rates for each elementary reaction and the Sabatier and the Sabatier-Gibbs volcano
curves versus the dissociation energy of adsorbed NO. rg; is the rate for adsorption of NO, rg; is the rate for
dissociation of NO, rg; is the rate for associative desorption of N, and rg, is the rate for associative
desorption of O,. . The Sabatier-Gibbs rate has been slightly corrected from the Sabatier-Gibbs volcano in
Ref. [26].
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The activity ranking can be compiled: Pt > Pd > Ag > Au > Rh > Ru. Applying the

constraints of the Sabatier-Gibbs model reduce the catalytic rate with orders of magnitude
from the top of volcano and to the right. This results in a shift in the catalytic activity

ranking: Pd > Pt >Rh >Ru> Ag > Au.

In Figure 11 the Sabatier-Gibbs volcano is presented together with the experimental
volcano. The Sabatier-Gibbs model describes the trend in catalytic activity through the
transition metals quite well. Gervasini et al. [37] studied the catalytic activity of a number
of transition metals (Pt, Pd, Rh and Ru) for the NO decomposition experimentally. They
found platinum to be the most active catalyst and the order of activity Pt >Rh >Ru >Pd.
However the experiments were performed under different experimental conditions from

this study.
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Figure 11 The modelled decomposition rate versus experimental results for a
range of different transition metal surfaces

While the model is designed to investigate trends and cannot be viewed as quantitative, it
is noteworthy that the most active transition metal, palladium is within a factor of ten
from the experimental activity. However, the model is not able to quantitatively predict

the decomposition rate on the two sides of the volcano curve. For the noble metals, silver
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and gold, on the right side of the volcano, the rate is underestimated by several orders of
magnitude. However, the experimental activities are close to, what is observed for a

blank sample.

5.3.4 Finding the optimal catalyst

An optimal catalyst for direct NO decomposition would be a surface that facilitates fast
dissociation of NO and at the same time desorbs oxygen and nitrogen easily. In Figure 12
the theoretically calculated Sabatier-Gibbs direct NO decomposition rate is shown as a
function of the dissociative chemisorption energies of N, and O,. It shows a 2-
dimensional volcano with a maximum. Also the DFT-calculated reaction energies for the

elemental metals are shown.
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Figure 12 The Sabatier-Gibbs activity is illustrated in green scale contours as a function

of the dissociative chemisorption energies of O, and N,. The dissociation energy for NO is
determined from its correlation with E4;(O,). The positions of the transition metals from DFT
calculations are indicated in the figure.

The dissociation energy of NO, necessary to construct the volcano, has been determined
from the good linear correlation to the dissociation energy of O,. It is interestingly
observed that the line N, and O, dissociative chemisorption fitting the DFT point lays
several eV above the optimal point of the two-dimensional volcano. However, since the

dissociative chemisorption energy for these species is linearly related, no such transition
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metal catalyst can be found. This suggests that one needs to look into entirely different
classes of materials in order to find appropriate direct NO decomposition catalysts, and
that a more appropriate class of materials should have the property that nitrogen and

oxygen binds with a more equal strength to the surface.

5.4 Conclusion

We have established a simple first-principle microkinetic analysis. The linear scaling
relations enables us to describe the catalytic NO decomposition rate with just one
descriptor for the catalytic activity. We have shown a good qualitative agreement
between the experimental catalytic activities and the Sabatier-Gibbs activities of the

transition metals in direct NO decomposition. The model enables us to understand the

volcano curve for the direct NO decomposition where the activity is on one side limited

by the ability to dissociate NO and on the other side the associative desorption of oxygen.

Further we obtained from the Sabatier-Gibbs model an activity trend for the NO

decomposition on stepped metal surfaces: Pd > Pt > Rh > Ru > Ag > Au . Furthermore

the model clearly points out that the optimal catalyst for direct decomposition must be
found in another kind of materials. The adsorption of oxygen is simply to strong
compared to the adsorption of nitrogen and the linear relation between the adsorption

energies prevents us from finding a transition metal close to the top of the volcano.
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Chapter 6

Catalytic activity of surfaces and nanoparticles for CO
oxidation

This chapter is based on the references [38, 39]. We here study trends in catalytic activity
for the CO oxidation reaction on nanoparticles and extended surfaces. The CO oxidation

reaction, CO + 120, «> CO,, is regarded as the simplest and most general reaction for

studying the activity of oxidation catalysts. For these reasons it is well studied both
experimentally [40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50] and theoretically [51, 52, 53,
54, 55, 56, 57].

We start out by showing that gold nanoparticles are the best catalysts among the
transition and noble metals for CO oxidation at low temperatures. We also show that
platinum is the best catalyst for the closedpacked surfaces at elevated temperatures and
gold is practically inactive. In order to understand the enhanced catalytic activity of
small gold particles we compare the catalytic activity of the nanoparticles with the
catalytic activity for higher coordinated extended surfaces; closed-packed, stepped and

surfaces with kinks and discuss the origin of the “nano-effect”.

The study is based on combining DFT calculations on the full reaction pathway with
microkinetic modeling within the framework of the “Sabatier Analysis”. We obtain
scaling relations between adsorption energies of the reaction intermediates and between
adsorption and transition state energies for the elementary reactions. This enables us to
model the CO oxidation rate by limiting the numbers of independent variables within the

microkinetic model.
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6.1 Introduction

Gold is traditionally considered among the most noble metals [17], where even O, does
not adsorb [58]. Therefore it was a surprise, when Haruta ez al in 1987 [59] showed that
gold nanoparticles smaller than 5 nm are catalytically very active for the CO oxidation
reaction below room temperature. The reasons for the enhanced catalytic activity of gold
nanoparticles are widely debated. The explanations include quantum size effects [45],
charge transfer [60, 61, 62, 63], support interactions [64, 65, 59], and the role of low
coordinated sites [51, 54, 66, 67, 68, 69, 70]. The enhanced catalytic activity is not only
interesting for the CO oxidation reaction. Also gold nanoparticles have shown to be
active catalysts for acetylene hydrochlorination [71], alcohol oxidation to acids [72, 73]

and aldehydes [74], and direct formation of hydrogen peroxide [75].

One special thing about nanoparticles is their large relative fraction of low coordinated
corner atoms to surface atoms [55, 54, 76, 51]. The fraction of low coordinated sites at a
given nanoparticle depends on the size and the shape of the particle. In Figure 13 the
fraction of corner (CN=6), edge (CN=7) and surface atoms (CN=8 or 9) on a nanoparticle

shaped as the top half of an octahedron is shown for decreasing particle size.
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Figure 13 Calculated fractions of atoms at corners, edges, and faces in
uniform nanoparticle. Adapted from ref. [55]
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Clearly the amount of low coordinated sites increases rapidly for nanoparticles with
diameters less than 5 nm; whereas the fraction of high coordinated surface metal atoms is
more or less constant for particles with diameters above 2 nm. In Figure 14 a compilation
of data of the CO oxidation activities at 273 K on gold nanoparticles as a function of the
particle size is presented. The data are from experimental studies [77, 78, 79, 80, 54, 47,
81, 82, 83, 84, 85].
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Figure 14 Reported catalytic activities for CO oxidation at 273 K over

different Au-based catalysts as a function of the Au particle size. Adapted from ref. [54]

Obviously the catalytic activity of gold particles is very dependent on the size of the
nanoparticle. This is clear experimental evidence that the particle size of gold is an
important parameter for the catalytic activity of supported catalysts. It is also observed
that the catalytic activity depends on the choice of support, however to a minor extent.
The black line is the calculated fraction of corner sites from Figure 13. From this it is
evident, that there is a strong correlation between the fraction of low coordinated corner

sites and the catalytic activity of gold nanoparticles.
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6.2 Method

6.2.1 Calculational details

Adsorption, transition state, and gas phase energies are calculated using the plane wave
DFT code DACAPO [15]. Kohn-Sham one-electron valence states are expanded in a
basis of plane waves with kinetic energies up to 30 Ry. Vanderbilt nonlocal ultrasoft
pseudopotentials are used to describe the core electrons [16]. The exchange-correlation
(xc)-energy is described employing the RPBE generalized gradient correction self-
consistently. [15] For all surfaces, a 6x6 x1 Monkhorst-Pack k-point sampling in
the irreducible Brillouin zone was used. The occupation of the one electron states
was calculated at a temperature of kgT = 0.1 eV, and all energies were extrapolated to
T = 0 K. Lattice constants have been determined by separate calculations on the bulk
metals. The (111) surfaces were modeled by (2x2) surface unit cells with slab
thicknesses of four layers and the two topmost layers were allowed to fully relax. The
(211) and (532) surfaces were modeled by (2x1) and (1x1) surface unit cells,
respectively, with three close packed layer slabs, where only the topmost layer was
allowed to relax. For all types of surfaces, the neighboring slabs are separated by more
than 10 A of vacuum. For the M12 cluster structure, I point calculations were performed
within unit cells with more than10 A of vacuum between structures, with a Fermi
temperature of kgT = 0.01 eV. All of the atoms in the 12 atom clusters were kept fixed in
order to mimic the geometrically constrained corner of a larger particle with a lattice

constant corresponding to the bulk value.

We have included energy corrections for the adsorption of CO to avoid the overbinding
of CO by DFT, which yields lower binding energies on bridge sites than atop sites, in
contradiction to experiment [86]. Oxygen adsorption energies are calculated relative to
the O, energy from H,O splitting using the experimental reaction energy and that for H,
and H,O in the gas phase [87]. This avoids difficulties associated with a DFT treatment
of the triplet state of gas phase O, [88].
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6.3 Microkinetic modeling

We here describe the microkinetic models employed for the CO oxidation reaction. First
a detailed description of a simplified kinetic treatment within the “Sabatier analysis™ is
given. Next the analytical steady state solution is described. The steady state solution is

for used for validation of the Sabatier rate.

6.3.1 The Sabatier Analysis
The CO oxidation is assumed to take place via the following reaction steps:

(R1) CO +* « CO*
(R2) O, +* « O,*
(R3) 0, +* « 20%
(R4) CO* + 0% < CO, +2%
(R5) CO*+0,* > CO, + 0% + *

The reaction mechanism presents two possible routes for formation of COs,. In the first
route the oxidation of CO happens after O; is dissociated, where the second route to CO
oxidation takes place via associatively oxidation by O,. The single adsorbed oxygen left
over will react with CO following the last half of the first route. This is illustrated in

Figure 15.
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Figure 15 Schematics of CO, formation pathways

44



Here we assume that reactions (R1) and (R2) have reached equilibrium. The net-rates for
these adsorption steps are therefore r, = 1, = 0. Overall the Sabatier rate for the CO,
production is the sum of the rates for reaction (R4) and (R5). However reaction (R4) is
limited if there is no atomic oxygen present on the catalyst from reaction (R3) or reaction
(RS5). On the other hand reaction (RS) will be limited if by poisoning of oxygen on the

catalyst, and therefore it can not be faster than (R4).

The overall reaction rate according to the Sabatier analysis is then:
I, = max {Zmin {r,,r,}, min{2r,.1, }} (49)

The rates for elementary reactions (R3)-(R5) are maximized if we only consider the

forward reactions:

=0, 0.k, (50)
1, =000c0k," = Oc0k," (5D
L= eozecok; (52)

Where 0, 6, , 0, and 6. are the coverages of CO, O, O and free surface sites

respectively. The activation barriers are obtained fromE ; = max [(ETS —EIS,O)} , where

Ersis the transition state energy and Ejg the initial state energy. Adsorption and transition
state energies are given with respect to the gas phase molecules. The gas phase entropies
are taken from ref. [89]. For elementary reaction (R4) we make the further assumption
that the rate is independent of the coverage of atomic oxygen, which still makes it an

upper bound.

Since reactions (R1) and (R2) are assumed to be in equilibrium the surface activities, 4.,

of CO and O, satisfy L., =K pc, and A, =K,p, respectively. From the conservation of

45



sites, ZOX = 1, we can express the coverage of free surface sites from the surface

activities of the adsorbed species:
0. = 1/ (14hco+ho, ) = 1/ (1+K,peo +KPo, ) (53)

We have neglected the coverage of surface oxygen. Note that this assumption makes the
surface coverages an upper bound. The coverages of the reaction intermediates and the
forward rateconstants, hence The Sabatier rate, is fully determined from the six metal-

dependent parameters: E.,, E; , Eq, Eqg , Eqg, and Eqq;.

For the (111)-surfaces the CO* + O,* < CO, + O* + * is neglected, due to a weak

bonding of O, combined with the reaction barrier for the process makes it unimportant
for platinum [90] and less reactive metals.[91]. The Sabatier rate for producing CO; is the
minimum of the rates for elementary reaction (R3) and (R4):

1, =min{2r,7,} (54)

The Sabatier rate for the CO oxidation reaction on (111) surfaces are now fully

determined from the five parameters: E.,, E, , E;, Erg and Eqg,.
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6.3.2 The analytical steady state solution
We here set up an analytical solution based on the assumption that the system has reached

steady state. At steady state the coverage of the adsorbed species does not change in time.

Again we consider the following elementary steps in the CO oxidation reaction:

(R1) CO +* « CO*
(R2) O, +* < O,*
(R3) 0, +* « 20%
(R4) CO* + 0% <> CO, +2%
(R5) CO*+0,* > CO, + 0% + *

The CO oxidation rate is the rate of forming CO,. The CO, forming steps are R4 and RS

and the CO2 oxidation rate i1, =1, +1;.

The rates for the adsorption of CO and O are:

5 =K/ Peod- KiBeo (55)
L, = k;poze* - K300, (56)
Since reactions (R1) and (R2) are assumed to be in equilibrium the surface activities, 4.,

of CO and O satisfies A, = Kp., and A, = K,p,, -

The rates for the elementary reactions R3-R5 are:

£ = K00, - K03 =x,0° - y,00 (57)
r, =k;0000, - k;tpcozef =x,0.05-y,0: (58)
1, = K506, 0c0 - K5Peo,000. = X407 - y50,0. (59)

To simplify the expressions the constants x; and y;, i=3,4,5 have been defined.
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Since we are at steady state the coverage of the intermediates are conserved. Therefore:
R(O)=0=2r,-1, +1,=0 (60)

By solving the second order equation obtained from inserting equations (57)-(59) in
equation (60), and noting that all constants, x; and y; and the coverages are positive we
obtain:

0, = B2YD :e*[—x“m [-1 ¥ \/1 4 2% Y, ”5)}} (61)

2A 4y, (x, + Y5)2

We define the constant W as 6, = 6.W . Using the sum-rule 0, + 0, + 0., +0,, =1, we

can now calculate 0, :

1
0, =
1+W+K,p(CO)+K,p(O,)

(62)

Thereby we have expressions for the surface coverages of each reaction intermediate and

the coverage of empty site.
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6.4 Results

We start out by studying the CO oxidation reaction on a corner model of a larger

nanoparticle for a number of transition and noble metals.

Figure 16 Schematics of the
corner model of a nanoparticle

We compare the catalytic activity of the corner model with the catalytic activity for
closed-packed surfaces. We show how scaling relations between adsorption energies, and
between adsorption and transition state energies ((BEP) relations) limit the number of
independent variables characterizing a particular metal and structure to Ep and Eco. For
the closed-packed surfaces, we show that platinum is the most active transition metal for
CO oxidation at high temperature conditions and that at low-temperature conditions the

gold is the most active of the metal nanoparticles.

6.4.1 Scaling relations
The goal is to use the calculated adsorption energies and activation energies for the CO

oxidation reaction to study trends in catalytic rates. Therefore we begin by studying

trends in these energies.
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Figure 17 The scaling and BEP relations for (111) surfaces and M12 clusters (a) Calculated transition state
energies for O, dissociation Ers; (R3) as a function of O adsorption energy Eo. (b) Calculated transition
state energies for adsorbed CO reacting with adsorbed O, Ers4 (R4), as a function of the sum of the O and
CO adsorption energies, Eqg + Eco. For the M12 clusters also calculated transition state energies for
adsorbed CO reacting with adsorbed O,, Erss (R5), as a function of the sum of the O and CO adsorption
energies, Eg + Eco (¢) The scaling of the O, adsorption energy, Eq,, with the O adsorption energy, Eo.

In Figure 17 we present the scaling and BEP relations obtained for the CO oxidation
reaction on the M12 clusters and for the (111) surfaces. For the both the (111) surfaces

and M12 corner model, BEP-relations for the dissociation of O, and the CO + O reaction,
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are presented. Also a linear scaling between the adsorption energy of O,, Eg, and the
adsorption energy of O, Eo, is presented. Note that for the corner models we also present
the BEP relation for the CO + O, reaction.

The scaling and BEP relations on the two types of structures, (111) surfaces and M12
corner models, are similar. However the energy axis has shifted and the adsorption of
CO, O and O, are all substantially stronger on the M12 corner model than on the (111)
surfaces. In fact oxygen binds about 0.5 eV stronger on the M12 corner model than on the
extended (111) surfaces. The same trend is seen for molecular adsorption of CO and Os,.
This is in agreement with Lopez et al [54]. They found that the adsorption energy of O
and CO increase significantly from the adsorption on a gold closed packed surface to a
gold nanoparticle. The obtained linear relations, shown in Figure 21, mean that of the
original six (five for (111) surfaces) metal-dependent variables; Eco, Eoz, Eo, Ers3, Ersa,
and Erss, only two are independent. We choose Eco and Eq as descriptors of the catalytic
activity. In Chapter 6.4.2 we show the catalytic activity of the M12 clusters and the (111)
surfaces for the CO oxidation reaction as a function of the adsorption energy of O, Eo,

and the adsorption energy of CO, Eco.
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6.4.2 Volcanoes
In Figure 18 we present a two dimensional volcano plot of the Sabatier activity for CO

oxidation on closed packed surfaces versus the descriptors, Eo and Eco, for high

temperature conditions (T=600 K, Pg,= 0.33 bar and Pco=0.67 bar). The Sabatier activity

is given as A¢=k,T In [rs / (kBTh'lﬂ , Where rgis the Sabatier rate.
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Figure 18 Contour plot of the Sabatier activity over (111)
as a function of Ecg and Eg under high temperature conditions.
The values for the transition and noble metals are indicated.

The result is a two-dimensional volcano shows that of the elemental metals platinum and
palladium are closest to the maximum of the volcano. This agrees very well with
experimental evidence [92]. Furthermore Grabow et al [93] have shown that for low
temperature CO oxidation Pt without strain has a higher activity than either compressed
(weaker bond energies) or expanded (stronger bond energies) Pt surfaces. The catalytic

activity of gold and silver extended surfaces is very low.
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Figure 19 Contour plot of the Sabatier rate as a function of the CO and O adsorption energies on the 12-
atom clusters. The values for some elemental metals are shown. (a) is the activity under typical
experimental conditions for CO oxidation by gold nanoparticles (T= 273 K, Pg,=0.21 bar and Pcx=0.01)
and (b) is the activity under high temperature conditions (T=600 K, Pg,= 0.33 bar and Pc0=0.67 bar).

In Figure 19(a) we present the Sabatier activity for the CO oxidation on the M12 corner
models at low temperature conditions (T= 273 K, Pg;= 0.21 bar and Pc0=0.01). For the
nanoparticles gold is at the pinnacle, followed by palladium and silver. The obtained
trends in catalytic activity for the closed-packed surfaces and the M12 clusters in Figure
18 and Figure 19, are in good agreement with available experimental observations [59,
76]. It shows that we are able to estimate trends in activities for different metals from

combining DFT with micro-kinetic modeling.

When comparing the volcanoes in Figure 18 and Figure 19 we see that the catalytic
activity of Au nanoparticles is many orders of magnitudes larger than for the Au closed-
packed surface. Therefore the gold corner atoms will dominate over the closed-packed
surface even for quite large particles. On the other hand for Pt the catalytic activity for the
closed-packed surface is about an order of magnitude larger than for the corner atoms on
the nanoparticle. Note that the small Pt nanoparticles can still be more active, because the

surface area for catalysis is larger than for surfaces.

And most importantly, the adsorption energy for the reaction intermediates shift
substantially depending on the surface structure. This is true for all the metals considered
and it is the dominant reason for gold becoming the best elemental catalyst for the low

coordinated sites. The shift is of the same order of magnitude as the difference between
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neighboring metals in the Periodic Table explaining, why it appears as if the top of the
volcano has shifted by a little less than one place to the right from Figure 18 and Figure
19.

The present analysis suggests that the more noble metals move to the maximum in the
volcano, when lower coordinated metal atoms are as active sites for the reaction. The
volcanoes give us a clear picture of which catalyst properties, in terms of adsorption

energies of CO and O, we should chase in order to obtain the best catalyst.

6.5 Validation of the microkinetic model

In order to validate the micro-kinetic model in chapter 6.3.1 we set up an analytical
steady-state solution. In Figure 20 we show the Sabatier volcano and the volcano for the
analytical solution for the CO oxidation on nanoparticles at low temperatures. The
simplified Sabatier model describes the trends in catalytic activity in good agreement

with the analytical solution.
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Figure 20 Contour plot of the catalytic Activity A=kpTIn (r/kBTh_l) in eV for nanoparticles

(T=273 K, Po =0.21 bar, Pco =0.01 barj (a) The Sabatier Activity and (b) The Steady State Activity.
2

The simplified Sabatier volcano is for all data points an upper bound to the analytical

solution.
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6.6 The complete picture

In the previous part we showed that we are able to estimate trends in the catalytic activity
of the CO oxidation reaction from combining DFT with microkinetic modeling. We
found that gold is the catalytic most active nanoparticle, due to a significant stronger
binding on the M12 clusters than on the closed-packed surfaces, and that Pt is the most

catalytic active for the closedpacked surfaces at high temperatures.

We now complete the picture by including the stepped and kinked surfaces to our
analysis. By doing so, we have a unique chance to study the role of surface structure and
the role of low-coordinated sites, in this study for the CO oxidation reaction, and to

analyze the origin of the “nanoeffect”.
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6.6.1 Scaling Relations

In Figure 21a-d, scaling relations obtained for the CO oxidation reaction on the different

surface structures of transition and noble metals are shown.
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Figure 21 The scaling and BEP relations for (111) surfaces (black), (211) surfaces (red),
(532) surfaces (green), and M12 clusters (blue). (a) The scaling of the O, adsorption

energy, Eq,, with the O adsorption energy Eo. (b) Calculated transition state energies for O,
dissociation ETS; (R3) as a function of O adsorption energy Eo. (c) Calculated transition state
energies for adsorbed CO reacting with adsorbed O ETS4 (R4) as a function of the sum

of the O and CO adsorption energies, Eg + Eco. (d) Calculated transition state energies for
adsorbed CO reacting with adsorbed O,, ETS5 (R5) as a function of the sum of the O and

CO adsorption energies, Eq + Eco, with surface averaged BEP relation.

In Figure 21 BEP-relations for the dissociation of O, (R3), the CO + O reaction, (R4) and
the CO + O, reaction (RS), are presented for all the surface structures and the M12 corner
model. Also a linear scaling between the adsorption energy of O,, Eq», and the adsorption

energy of O, Eo, is shown for the different structures.

In general, the data falls into families of linear relations, with one linear relation for each
structure of the catalyst. The differences in the BEP-lines show the structure dependence
of the different adsorption energies and transition state energies. For the CO + O and CO

+ O, reactions the BEP-relations fall on the same line. There are still large differences in
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the adsorption and activation energies, but the move along the general BEP line.

Therefore the structure dependence of the catalytic activity is mainly electronic in nature.
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6.6.2 Volcanoes

The Sabatier activity is here presented for (111), (211) and (532) surfaces together with
the Sabatier activity for the M12 corner model. In the microkinetic model we here also
include the BEP-relation for elementary reaction (R5) for the closedpacked suraces and
use the general BEP-relation obtained from Figure 21d. Therefore volcano for the (111)
surfaces differ slightly from Figure 18.
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Figure 22 Contour plot of the catalytic Activity A=k, TIn (1‘/1(BTH1 ) in eV (top) low temperature (T =

273 K, poz = 0.21 bar, pco = 0.01 bar) and (bottom) high temperature (T = 600 K, po, = 0.33 bar, pco =
0.67 bar), as a function of the CO and O adsorption energies on the (a) (111) surfaces (b) (211) surfaces (c)
(532) surfaces and (d) M 12 clusters. The values for the elemental metals are shown.

First we note that the Sabatier volcano for the different geometries does not change
substantially. However the CO oxidation rate for the elemental metals is a function of the
surface geometry. This is caused by a shift to stronger binding energies of the reaction
intermediates going from (111)>(211)>(532)>M12 sites. For Au, Ag and Cu this
leads to a significant increase in the catalytic activity, most pronounced for Au. This is in
good agreement with experimental observations [94]. The opposite picture is true for Pd
and Pt; here the closed-packed surfaces are the most active. The binding of the reaction

intermediates is simply to strong on the nanoparticle.
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Also observed from Figure 22 it is clear that an increase in temperature shifts the top of

the volcano to stronger adsorption energies, hence in the direction of the platinum metals.

In summary, at the low temperature conditions the Au particles are the most active. At
higher temperatures the CO oxidation is highest on the closed-packed surfaces of Pd and
Pt. The volcano functions for the different structures in Figure 22 are not very different,
and hence the shift in catalytic activity for the elemental metals is not a geometrical
effect. It is connected to the variation in the adsorption energy of the intermediates as the

structure is changed.

6.6.3 Electronic structure effect

It was shown above that the structure induced change in the catalytic activity for CO
oxidation on transition metals and noble metals is determined by the structure

dependence on the adsorption strength.
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Figure 23 Adsorption energy Eco and Eq versus d-band center for
(111) surfaces, (211) surfaces, (532) surfaces, and M12 clusters of

In Figure 23 we show the variation in the adsorption energy of CO and O against the d-
band center of the surface atoms. In general we expect low-coordinated surface atoms to

have higher lying d-states and be more reactive than highly coordinated surface atoms.
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This is also the picture we see in Figure 23 for both the Pt and the Au. The d-band center
shifts up and the adsorption of CO and O are stronger on the low-coordinated sites. This

is in agreement with the d-band model described in Chapter 3.2.

6.7 Conclusion

We have studied the trends in catalytic CO oxidation over a range of metal surfaces by
combining DFT and microkinetic modeling. We have shown that the scaling relations
between different adsorption energies (Eop and Epy) and between activation energies and
adsorption energies (BEP-relations) are structure dependent. By studying different close-
packed, stepped and kinked surfaces as well as very small clusters, we have showed that
the coordination number of the metal atoms at the active site is responsible for this
structure dependence. We have also provided detailed evidence that this effect is
electronic in nature: the low coordinated metal atoms that bind the reactants most

strongly have the highest lying metal d states.

We found that the catalytic activity of gold increases strongly, when the metal
coordination number of Au decreases. This provides part of the explanation for the
unusual high catalytic activity of Au. The present analysis has identified the intrinsic
structural effect associated with the metal for the CO oxidation reaction. This effect will
always be present, but may be further augmented by additional effects, such as quantum

size [45], charge transfer [60, 61, 62], support interactions [64, 65, 59].

In summary, the catalytic properties of nano-sized particles observed experimentally,
were modeled. We analyzed the origin of this effect. The ability of the metal atoms to
activate reactants change substantially as the coordination number of the active metal site

is reduced at corners of metal particles.
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Summary and Outlook

In this thesis we have combined density functional theory calculations with microkinetic
modeling to describe trends in catalytic activity of transition metals for the direct NO
decomposition reaction and the CO oxidation reaction. From density functional theory
calculations adsorption energies and transition state energies have been obtained. Linear
scaling between adsorption energies of reaction intermediates and between transition
state energies and adsorption energies have enabled us to describe catalytic activities with

few descriptors; One for the NO decomposition and two for the CO oxidation.

First, an improved microkinetic model within The Sabatier Analysis, the Sabatier-Gibbs
description of the surface coverage, was described. The Sabatier-Gibbs Analysis is
restricted to reactions, where there is exactly one reactant and product channel for each
reaction intermediate. It would be great to develop a simple kinetic framework similar to
the Sabatier-Gibbs analysis, for reactions with parallel elementary reactions, like the CO

oxidation reaction.

For the NO decomposition on stepped transition metal surfaces we obtained the following

activity trend: Pd > Pt > Rh > Ru > Ag > Au. We also showed that for the more noble on

the right leg of the volcano the NO dissociation reaction is rate limiting, whereas on the
left leg the associative desorption of O, limits the NO decomposition rate. Finally the 3D
volcano showed that (211) transition metals bind oxygen too strongly compared to
nitrogen and because of linear scaling between them, the optimal catalyst should be found

in a different class of materials.

For the CO oxidation reaction on transition metal nanoparticles, kinks, steps and closed
packed surfaces. We found that the catalytic activity of gold increases strongly, when the
metal coordination number of Au decreases. This provides part of the explanation for the
unusual high catalytic activity of Au. We showed that the coordination number of the
metal atoms on the active site is responsible for the structural effects observed and that
the active sites with the lowest coordinated metal atoms have the highest lying d-states.

We concluded that the observed structural effect in CO oxidation on different catalyst
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structures is electronic in nature. It is therefore possible that pronounced nano-effects in
catalysis is not restricted to Au. For reactions with less reactive molecules, we would
expect that the best nanoparticle catalysts would not be Au, but metals to the right in the
Periodic table of the best extended surface catalyst. This opens up for the possibility of
for enhancing the catalytic activity for all sorts of reactions by using nanoparticle

catalysts.
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The formation of NO, from combustion of fossil and renewable fuels continues to be a dominant environmental issue. We take
one step towards rationalizing trends in catalytic activity of transition metal catalysts for NO decomposition by combining
microkinetic modelling with density functional theory calculations. We show specifically why the key problem in using transition
metal surfaces to catalyze direct NO decomposition is their significant relative overbinding of atomic oxygen compared to atomic

nitrogen.
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1. Introduction

Nitrogen oxides (NOy) are formed from combustion of
fossil and renewable fuels, and nitrogen monoxide (NO)
accounts for more than 95% of these nitrogen emissions.
NO, contribute to a wide range of environmental prob-
lems; the most significant being the formation of acid rain
and photochemical smog. From a thermodynamic point
of view, NO is unstable in the sense that it should spon-
taneously decompose into N> and O,. However, a high
activation barrier of 3.8 eV inhibits this gas phase
decomposition process [1]. A catalyst is therefore required
in order to facilitate the reaction [2,3]. In this study, we
describe the catalytic activity of a series of pure transition
metal surfaces for the direct decomposition of NO by
combining first principle calculations with microkinetic
modelling. The theoretical modelling leads to a volcano
curve for the activity, where the rate for the more noble
surfaces is limited by how fast the catalyst can dissociate
NO and for the more reactive surfaces by how fast
desorption of O, occurs. We validate the modelled results
by carrying out independent NO decomposition mea-
surements. Our study provides insight into why transition
metals in general perform poorly as direct NO decom-
position catalysts. It is also shown which surface prop-
erties need modification in order to establish a catalyst
with a useful level of activity.

2. Method
2.1. Microkinetic modelling

We aim to describe the trend in the catalytic activity
of various transition metals in decomposing NO using a
microkinetic model. Bligaard et al. [4] has described the

*To whom correspondence should be addressed.
E-mail: kustov@kemi.dtu.dk

Sabatier analysis, which is closely related to the principle
of Sabatier [5]. The Sabatier principle states that the
catalytic activity for a given reaction follows a volcano
curve through the Periodic Table, because an interme-
diate binding of reaction intermediates to the surface
will give an optimal catalyst. The method is a simple
microkinetic framework for analysing trends in the
catalytic activity for processes where several (possibly
competing) reaction steps take place. Decomposition of
NO is here assumed to proceed in four elementary
reaction steps,

I.NO + *2 NO*
2.NO* + *2 N* + O*
3.N* + N*2 N + 27
4.0 + O*=2 0, + 27

Overall the decomposition is the sum of the elementary
reactions

2NO=2N; + O,

In addition we assume that reaction step 1 has a barrier,
which for all the considered transition metals is domi-
nated by the dissociation and association barriers of the
strongly bound diatomics NO, N,, and O,. Under these
assumptions, the entire thermochemistry of the NO
decomposition reaction can be deduced from the avail-
able database [4]. Furthermore, since the dominant
reaction steps 2—4 all are dissociation or association
reactions of diatomic molecules, their transition state
potential energies are described by the universal
Bronsted—Evans—Polanyi relation described in Ref. [6].
Due to the significantly higher reactivity of steps
compared to flat surfaces [7], we will in the present study
assume that the key association and dissociation reac-

1022-5528/07/0800-0117/0 © 2007 Springer Science+Business Media, LLC
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tions occur at step sites. At these sites, the relation
between the transition state potential energy and the
dissociative chemisorption energy on a transition metal
is Ers = oEgss + B, where o = 0.87 and p = 1.34 eV
[6].

To calculate the prefactors in the forward rate con-
stants of the four reaction steps, which is required to
establish the Sabatier analysis, there is a need to specify
the entropy of each state. Only entropy for molecules in
the gas-phase is taken into account, whereas for adsor-
bed species and transition states we assume that all
entropy has been lost upon adsorption. This is justified
by the fact that the dominant entropy terms stem from
the gas phase translational degrees of freedom, espe-
cially since the adsorbates considered here only have one
or two atoms (and therefore few vibrational degrees of
freedom).

For many heterogeneous catalytic processes carried
out in a high coverage regime it turns out that the
upper bound on the reaction rate provided by Sabatier
analysis is too optimistic to yield quantitative agree-
ment. This is caused by the Sabatier analysis being
based on ‘“optimal coverages” for each forward reac-
tion [4]. Often the coverage of a species entering the
microkinetic expression of a forward rate is much
smaller than “optimal”. This can be due to either weak
adsorption of the given species, or due to other species
adsorbing so strongly that the coverage of the key
species is suppressed. For reactions where all atoms of
a given kind is only present in one form in the reactant
and one form in the product, a more realistic strict
upper bound to the steady-state solution of the micr-
okinetic model can be found. This can be done simply
by observing that the steady-state approximation forces
the chemical potential of all reaction intermediates to
be inside the interval defined by the reactant and
product chemical potentials. This implies strict upper
and lower bounds on the coverage of all adsorbed
intermediates. The slight modification of the Sabatier
analysis including these tighter bounds on the cover-
ages of intermediates, we refer to as the Sabatier—Gibbs
analysis [8].

Unless stated otherwise, the modelling has been made
at T = 600 °C, with a NO conversion of 5% and with
an initial pressure of NO of 0.01 bar. The equilibrium
constant for NO dissociation has been set to the value
determined from the DFT energetics and standard
tables for the reaction entropy.

3. Experimental

The catalysts were prepared by incipient wetness
impregnation of metal solutions on a MgAl,O, support,
with a surface area of 70 m?/g and using metal con-
centrations of 92 umol/g. Of each catalyst, 300 mg, was

placed in a quartz tube reactor. A flow of 25 mL/min of
1 vol.% NO in He was then admitted to the reactor at
ambient pressure. The activity was measured at 600—
650 °C. At each temperature, the measurement was
performed for two hours to achieve stable conversions.
The concentrations of NO, N, and O, were monitored
using gas chromatography with a Thermal Conductivity
Detector and a molecular sieve packed column. In all
experiments, no traces of N,O or other products were
detected.

4. Results and discussion

In Figure 1, the dissociative chemisorption energies
for NO, O,, and N, on the transition metals are pre-
sented. The dissociative chemisorption energies for O,
and N, are plotted against the dissociation energy for
bound NO. In the upper right corner, the energies are
positive and therefore dissociation of NO is energetically
uphill, and desorption of nitrogen and oxygen from the
surface is favoured. The opposite situation appears in
the lower left corner; here desorption of nitrogen and
oxygen is energetically uphill, and dissociation of NO is
favoured. On all the considered metal surfaces, oxygen
binds stronger than nitrogen. Linear best fits of the
energies show that the dissociation energy for bound
NO is described very well with the dissociative chemi-
sorption energy for O, and less well with the corre-
sponding energy for N, dissociation.

Since the reaction energies of the elementary steps are
highly correlated, we can in principle choose just one
reaction energy as the descriptor for the catalyst activity.
In Figure 2, the modelled Sabatier rates for each ele-
mentary reaction, together with the Sabatier and the
Sabatier—Gibbs volcano curves are presented as a
function of the dissociation energy of adsorbed NO.

Energy [eV]

-10+=—W Mo

Fe  RuRh
5 4 3 2 4 0 1 2 3
E,..(NO*) [eV]

—PtPd Ag Au_

Figure 1. The figure shows the dissociative chemisorption energies
for N, and O, versus the dissociation energy of adsorbed NO.
Correlation equations are obtained from linear best fits,
Egiss(0,) =1.31Egiss (NO*) — 291 eV, R2=0.99 Egiss(Ny)=1.39 Egiss
(NO*) + 1.54 eV, R2=0.91.
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Figure 2. Sabatier rates for each elementary reaction, the Sabatier and
the Sabatier—Gibbs volcano curves versus the dissociation energy of
adsorbed NO. Where r; is the rate for adsorbtion of NO, r, is the rate
for dissociation of NO, rj is the rate for associative desorption of N,
and r4 1s the rate for associative desorption of O,.

The Sabatier volcano is determined by the rate of
the NO dissociation on the right leg and by the
desorption rate of oxygen on the left leg of the volcano
in agreement with the Sabatier principle [5]. This is also
the picture one would expect from the discussion of the
correlated reaction energies. The activity ranking can
be compiled: Pt > Pd > Ag > Au > Rh > Ru.
Applying the constraints of the Sabatier—-Gibbs model
reduce the catalytic rate with orders of magnitude from
the top of volcano and to the right. This results in a
shift in the catalytic activity ranking:Pd > Pt > Rh >
Ru>Ag>Au. In order to validate the Sabatier—Gibbs
analysis, we compare activities with experimentally
obtained activities in Figure 3. The Sabatier—Gibbs
rates are calculated using the experimental conditions
for the initial partial pressure, and 5% conversion of

log(r,,.) [s”]
A
N

E(NO™) [eV]

diss

Figure 3. The Sabatier—Gibbs microkinetic model compared to the
experimental activities versus the dissociation energy of adsorbed NO.

NO corresponding to average experimental conversion.
Gervasini et al. [9] studied the catalytic activity of Pt,
Pd, Rh and Ru experimentally. They found platinum
to be the most active catalyst and the order of activity
Pt > Rh > Ru > Pd using different experimental con-
ditions from this study. The Sabatier—Gibbs model
describes the trend in catalytic activity through the
transition metals quite well. While the model is
designed to investigate trends and cannot be viewed as
quantitative, it is noteworthy that the most active
transition metal, palladium is within a factor of ten
from the experimental activity. However, the model is
not able to quantitatively predict the decomposition
rate on the two sides of the volcano curve. For the
noble metals, silver and gold, on the right side of the
volcano, the rate is underestimated by several orders of
magnitude. However, the experimental activities are
close to, what is observed for a blank sample. For the
more reactive metals on the left side of the volcano,
oxygen binds very strongly and desorption of oxygen is
rate limiting. Here the surface is completely covered
with oxygen. The adsorption energies used in this work
are obtained from low coverage calculations. Therefore
the lateral interactions taking place at high coverage
are underestimated. We have performed a test of the
difference in the differential adsorption energy, when
adsorbing two oxygen atoms next to each other at the
step edge bridge site on a Rh(211) surface. It turns out
that the differential adsorption energy for the first
oxygen atom is —2.03 eV and for the second oxygen
atom it is reduced to —1.06 ¢V. This destabilizing
interaction between oxygen atoms at high coverage
leads to less oxygen poisoning of the reactive catalyst
and can perhaps explain our underestimation of the
catalytic activity for ruthenium and rhodium.

5. Determining the optimal catalyst

An optimal catalyst for direct NO decomposition
would be a surface that facilitates fast dissociation of
NO and at the same time desorbs oxygen and nitrogen
easily. The linear relation between the activation barrier
for NO dissociation and the binding energy of the
reaction intermediates implies that one is not likely to
find really good NO decomposition catalysts among the
transition metals. In Figure 4, the catalytic activity in
form of the Sabatier—Gibbs rate for varying dissociative
chemisorption energies for N, and O is presented. The
figure shows a 2-dimensional volcano with a maximum.
The DFT-calculated energies for the transition metals
are also shown in the figure. The dissociation energy of
NO, necessary to construct the volcano, has been
determined from the good linear correlation to the dis-
sociation energy of O,. It is clear that the transitions
metals are far away from the optimal range. The
adsorption energy of oxygen is simply too strong
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Figure 4. The Sabatier—Gibbs activity is illustrated in greyscale
contours as a function of the dissociative chemisorption energies of
0O, and N,. The dissociation energy for NO is determined from its
correlation with Eg;(O,). The positions of the transition metals from
DFT calculations are indicated in the figure.

compared to the adsorption energy of nitrogen and the
linear relation between these (see Figure 1) prevents the
possibility of finding a transition metal in the vicinity of
the volcano top.

6. Conclusion

We have established a simple first-principle qualita-
tively microkinetic analysis for direct NO decomposition
over stepped transition metal surfaces. The Sabatier—
Gibbs model shows (perhaps fortuitously) good quali-
tative agreement with experimental measurements. Our

analysis suggests that in order to find a direct NO
decomposition catalyst with appreciable activity, one
should search among classes of materials, which provide
a stronger adsorption of nitrogen compared to oxygen.
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Abstract: We establish the full potential energy diagram for the direct NO decomposition re-
action over stepped transition-metal surfaces by combining a database of adsorption energies
on stepped metal surfaces with known Brgnsted—Evans—Polanyi (BEP) relations for the acti-
vation barriers of dissociation of diatomic molecules over stepped transition- and noble-metal
surfaces. The potential energy diagram directly points to why Pd and Pt are the best direct
NO decomposition catalysts among the 3d, 4d, and 5d metals. We analyze the NO decom-
position reaction in terms of a Sabatier—Gibbs-type analysis, and we demonstrate that this
type of analysis yields results that to within a surprisingly small margin of error are directly
proportional to the measured direct NO decomposition over Ru, Rh, Pt, Pd, Ag, and Au. We
suggest that Pd, which is a better catalyst than Pt under the employed reaction conditions, is
a better catalyst only because it binds O slightly weaker compared to N than the other met-
als in the study.

Keywords: NO; NO decomposition; Brgnsted—Evans—Polanyi; activation barriers; dissocia-
tion; decomposition catalyst.

INTRODUCTION

Heterogeneous catalysis is one of the major industries worldwide. Catalysis is used to facilitate the pro-
duction of many chemicals and materials that we use every day. It provides a range of products from
fuels and fertilizers to plastics and pharmaceuticals. Catalysts are also utilized for the cleaning of ex-
haust from cars, power plants, and industrial production.

The proliferation of heterogeneous catalysis during the 20t century has indeed led to a signifi-
cant improvement in the living standard of a large fraction of the world’s population. It is perhaps there-
fore natural that one of the hundreds of important heterogeneous catalytic reactions was selected as the
most important invention of the 20 century, ahead of the discovery of penicillin, the construction of
the first transistor and the design of the integrated semiconductor circuit [1].

The increasingly stringent emission requirements for diesel engines require NO, abatement tech-
nology, which is effective under lean-burn conditions. Various technologies such as NO, traps [2] and

*Pure Appl. Chem. 79, 1831-2100. An issue of reviews and research papers based on lectures presented at the 15t International
IUPAC Conference on Green—Sustainable Chemistry, held in Dresden, Germany, 10-15 September 2006.
*Corresponding author
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selective catalytic reduction (SCR) exist [3], but it would be preferable if a simpler process could be de-
veloped based on direct NO decomposition. In the direct NO decomposition reaction, the exhaust con-
taining NO is flowed over a heterogeneously catalytic surface, where the NO bond is split, and N atoms
recombine to N, while the O atoms recombine to O,. The direct NO decomposition reaction is thermo-
dynamically favored at low temperatures, but it has proven difficult to find a catalyst that is both active
and oxidation-resistant [4]. Here, we study the direct decomposition of NO over stepped transition-
metal surfaces, since such step sites are known from theoretical calculations to be significantly more ac-
tive for NO decomposition than the corresponding close-packed surfaces [5-9]. This enhanced reactiv-
ity of steps also explains why smaller transition-metal particles show enhanced activity for NO
decomposition [10].

The way we normally perform such studies is by establishing a total energy diagram for each of
the catalytic surfaces in question, as schematically shown in Fig. 1. The figure shows the energy levels
for a catalytic reaction. The energies of transition-state structures and reaction intermediates on the sur-
face are determined by employing density functional theory (DFT) in a plane wave/pseudopotential im-
plementation. This methodology gives a very reasonable trade-off between accuracy and computational
cost. The total energy diagrams are then analyzed in terms of harmonic transition-state theory to yield
rates for individual elementary reactions, and these rates are then analyzed using microkinetic model-
ing to establish the overall catalytic rate per active site, the so-called turnover frequency. Often, it oc-
curs that there is a correlation between the energies of transition-state structures corresponding to the
activation of reactants and the key reaction intermediates (£, and AE in Fig. 1).

E

Reactants
Molecules in
the gasphase

Products
Molecules in
the gasphase

Molecular
Precursor

AE

Intermediates
Dissociated atoms
at the surface

Fig. 1 Schematic energy diagram for a heterogeneously catalytic reaction.

When such a correlation appears, the trend in catalytic activity for metals of different reactivity
in the periodic table can be understood directly based on a single descriptor, which we often choose to
be the dissociative chemisorption energy of the key reactant. An activity trend such as the schematic
plot shown in Fig. 2 will often appear (a volcano relation). For more reactive metals (AE further to the
left), the removal of the dissociated reactants from the surface into the product gas phase will usually
limit the catalytic rate. For the less reactive metals (to the right in Fig. 2), this desorption process is fast,
and the dissociation barrier is high, so the catalytic rate is limited by the activation of the key reactants.

© 2007 IUPAC, Pure and Applied Chemistry 79, 1895-1903
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Volcano relation
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Fig. 2 Catalytic activity vs. the reaction energy of the dissociation reaction. More negative reaction energy (left)
signifies that the adsorption reaction is more exothermic.

The optimal catalyst will be one having intermediate reaction energies, and the catalyst will be located
at the top of the volcano curve. Sabatier realized this as early as 1911 [11].

DIRECT DECOMPOSITION OF NO OVER STEPPED TRANSITION-METAL SURFACES

The direct decomposition of NO is assumed to take place through four elementary reactions over a cat-

1. NO+*2NO*
2. NO* +* 2 N* + O*
3. N*+N#2N,+2%
4. 0¥ +0*20,+2%

A species denoted with an asterisk is adsorbed on an active site of the catalyst. An asterisk with-
out a molecular or atomic species denotes a vacant active site on the surface. The full direct decompo-
sition reaction is given by summing over the elementary reactions, and is given by

2NO 2N, +0,

The decomposition reaction has two main parts: The first is the adsorption and dissociation of NO
(elementary reactions 1 and 2), and the second part is recombination and the removal of N, and O, from
the metal surface (elementary reactions 3 and 4).

In Fig. 3, images from the dissociation of NO on a stepped Rh surface are shown. The images
show the initial, the transition, and the final state of the dissociation.

© 2007 IUPAC, Pure and Applied Chemistry 79, 1895-1903



1898 H. FALSIG et al.

Fig. 3 Illustration of the dissociation of NO over a stepped (211) Rh surface as determined from DFT calculations.
Left: initial state. Middle: transition state. Right: final state.

It has long been assumed that a linear relation between the activation energy and the reaction en-
ergy exists. Such relations are called Brgnsted—Evans—Polanyi (BEP) relations [12—14]. For the key re-
actants and products in the direct decomposition of NO over transition-metal surfaces, such a relation
indeed appears. In Fig. 4, the activation barriers for dissociation of NO, O,, and N, over a range of tran-
sition metals are shown as a function of their respective dissociative chemisorption energies [6].

T
4 -3 2 -1 0 1 2
AE [eV]

Fig. 4 “Universal” BEP relation for activation of diatomic molecules. (NO, N,, and O,). Adapted from ref. [6].

It appears that the correlation between transition states and dissociation energies is linear, and that
the correlations for each of the diatomic molecules follow the same exact relationship. The relation also
shows that the dissociation of NO will take place fast, when O and N are adsorbed strongly to the metal
surface.

A good catalyst is a catalyst that lowers the activation barriers for each of the elementary reac-
tions in the overall decomposition reaction. Therefore, according to Fig. 4, a good catalyst for the first
part of the decomposition is a transition metal to which N and O adsorb strongly, since this will lower
the activation barrier for dissociation of NO. The second part of the overall reaction is removal of N and
O from the surface. This happens via associative desorption, elementary reactions 3 and 4. N, and O,

© 2007 IUPAC, Pure and Applied Chemistry 79, 1895—-1903
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associate at the surface and desorb immediately hereafter. This reaction is just the opposite of dissocia-
tive chemisorption and accordingly is favored by a weak adsorption of N and O. This rationale is what
leads to the volcano curve in heterogeneous catalysis. Where the first part of the direct decomposition
is favored by a strong adsorption of the reaction intermediates, the second part is favored by a weak ad-
sorption. This suggests that intermediate surface reactivity will provide an optimal compromise and re-
sult in a fast overall rate.

When the correlation shown in Fig. 4 is combined with a set of adsorption energies on stepped
transition- and noble-metal surfaces [15], a set of potential energy diagrams for the whole NO decom-
position pathway over some of the most important stepped surfaces can be constructed. These energy
diagrams are shown in Fig. 5. Of the pure transition- and noble-metal surfaces, it can be seen by in-
spection that the best catalysts must be Pt and Pd, since these do not over-bind intermediates to the same
extent as Rh and Ru, while at the same time they do not present the same problems of unstable reaction
intermediates on the surface as Ag and Au.

7_
6
5]
4]
3]
2]
1]
0]

1]

2]

3]

4]

5]

6

7]

8d

Energy [eV]

NO*+N*+O*

Fig. 5 Potential energy diagrams for the direct NO decomposition reaction over transition-metal surfaces.

WHICH CATALYST IS OPTIMAL? A DFT STUDY

In the previous section, we described the characteristics a catalyst must possess in order to decompose
NO directly to N, and O,. We will now demonstrate how we are able to determine, by the use of DFT
and microkinetic modeling, the rate on a more quantitative yet still analytical form [16]. The reaction
energy for each elementary reaction was obtained using a plane-wave pseudopotential implementation
of DFT. The publicly available program Dacapo [17] was employed. From the BEP relation shown in
Fig. 4, we can obtain the activation barrier for each elementary reaction. For each elementary reaction,
the rate has been obtained using the Sabatier—Gibbs model [18]. The temperature was 600 K, and the
initial pressure of NO was 0.01 bar [16]. This model is particularly useful when looking at catalytic
trends in systems which are inhibited by high coverages of some key intermediates. In the
Sabatier—Gibbs analysis, we start from the assumption that the catalyst is running in the steady state,

© 2007 IUPAC, Pure and Applied Chemistry 79, 1895-1903
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meaning time-independent average mean-field coverages. It can be proven that the chemical potential
of any species in the reaction is constrained to be in the interval between the chemical potentials de-
fined by the equilibrium between that species and the reactants and the products, respectively. The
boundaries on the chemical potential of each intermediate then yield boundaries on the coverage of all
the different intermediates. The boundaries on the coverages yield boundaries on the catalytic rate, and
the maximal possible rate obtainable under these constraints we refer to as the Sabatier—Gibbs rate. The
Sabatier—Gibbs rate for the decomposition of NO to N, and O,, is then the minimum of the individual
rates. In Fig. 6, the rates for the individual elementary reactions are shown together with the
Sabatier—Gibbs rate.

8
6
4]
2]
i

-2 4

—u—r

A
r3

RuRh Pt Pd Ag Au
— T T T ' T " T T ' T v T T T "1
-1,5 -1,0 -0,5 0,0 0,5 1,0 1,5 2,0 2,5 3,0

AE [eV]

Fig. 6 Sabatier—Gibbs rates for each elementary reaction and the Sabatier-Gibbs volcano curve vs. the dissociation
energy of adsorbed NO. Here, 1 is the rate for adsorption of NO, r, is the rate for dissociation of NO, r5 is the rate
for associative desorption of N,, and 1, is the rate for associative desorption of O,.

The first elementary reaction is adsorption of NO to the metal surface. The rate of this process is
denoted r{. The model predicts that the adsorption is faster on the more noble metals such as, for ex-
ample, Ag and Au, than on more reactive metals, such as Rh and Ru. The surfaces of the more reactive
metals (Rh, Ru) will be entirely covered by oxygen due to the significant negative adsorption energy.
Therefore, an extremely limited amount of free sites will be available for adsorption of NO. On the
noble metals, the adsorption of O, is less facile, and many free sites are available for adsorption of NO
on these surfaces. The next step is dissociation of NO. The dissociation is most activated on the more
reactive metals, due to the stronger adsorption of the intermediates. However, as shown in Fig. 3, in
order for the dissociation to take place free sites must be available for the atomic N and O. The disso-
ciation rate is fastest on Pd and slowest on Au, which is in good agreement with the fact that Pd is more
reactive than Au. The Rh surface is, however, so reactive that it will be covered with oxygen. Therefore,
the amount of free sites is very limited, and this is the reason why the dissociation of NO is slower on
Rh than, e.g., Pd. The two final steps is associative desorption of N and O from the metal to the gas
phase. Intuitively, we know that a strong adsorption will limit the desorption rate. This is also what is

© 2007 IUPAC, Pure and Applied Chemistry 79, 1895-1903
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observed. The associative desorption of O, is slowest on Rh and fastest on Au. This is almost the same
picture as for N,, however, N hardly adsorbs to Au and Ag, and therefore N will not be present. On
Fig. 6, a volcano curve is highlighted. The volcano curve is constructed of for each metal. It is seen that
Pd is the most active metal for NO decomposition.

EXPERIMENTAL VERIFICATION

In order to show that the model correctly describes the catalytic activity of the transition metals in NO
decomposition, a comparison between theoretically predicted rates and experimentally obtained results
is shown in Fig. 7.

T T T T T T T T T T T T T T T T 1
-44 .43 42 41 40 -39 38 37 -36

log(r_,.) [s”]

Fig. 7 Modeled decomposition rate vs. experimental results for a range of different transition-metal surfaces
(obtained from ref. [16]).

The Sabatier—Gibbs rate is compared to experimental measurements of the direct NO decompo-
sition reaction rates over various surfaces, and the qualitative agreement is striking, even if the absolute
magnitude of the theoretically determined rates is less well determined.

In Fig. 8, the theoretically calculated direct NO decomposition rates are shown as a function of
the dissociative chemisorption energies of N, and O,. A two-dimensional overall volcano is formed. It
is interestingly observed that the transition metals lay on a line that is situated several eVs above the op-
timal point of the two-dimensional volcano. This indicates that one could find a much better transition-
metal catalyst for direct NO decomposition, if only a metal could be chosen, which binds N atoms much
strongly compared to O atoms. However, since the dissociative chemisorption energy for these species
is linearly related, no such transition-metal catalyst can be found. This suggests that one needs to look
into entirely different classes of materials in order to find appropriate direct NO decomposition cata-
lysts, and that a more appropriate class of materials should have the property that N and O binds with
a more equal strength to the surface.

© 2007 IUPAC, Pure and Applied Chemistry 79, 1895-1903
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(N,) [eV]

diss

E

E,,,(0;) [eV

Fig. 8 Theoretically predicted decomposition rate as a function of the dissociative chemisorption energies of N,
and O,. The dissociative chemisorption energies for N, and O, over a range of stepped transition-metal surfaces
are also shown. The line represents the linear relation between the dissociative chemisorption energies for the
transition metals.

CONCLUSION

The direct decomposition of NO on transition metals can be understood in detail from DFT studies.
Linear correlations between reaction energies and activation barriers lead to clear trends, where Au and
Ag have problems activating NO, while Rh and Ru rapidly becomes poisoned by strongly binding O
atoms (especially on the most active step sites). Pd and Pt show the best catalytic activities among the
pure metals treated in the present study, but the activity is still much too low in order for the pure metal
surfaces to be useful direct NO decomposition catalysts for automotive purposes under lean-burn con-
ditions. The model enables us to understand the volcano curve for decomposition of NO and thereby
understand the trend in catalytic activity of the transition metals. Furthermore, the results are in good
qualitative agreement with experimental results. The modeling clearly identifies one important under-
lying origin for the limited attainable catalytic activity of the stepped transition-metal surfaces with re-
spect to direct NO decomposition, which is the too strong adsorption of O compared to N.
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Using density functional theory calculations, we study trends in the CO oxidation activity for different metals
and surfaces. Specifically, we show how the activity of (111) close-packed surfaces, (211) stepped surfaces,
(532) kinked surfaces, 55 atom cuboctahedral clusters, and 12 atom cluster models changes with the coordination
number of atoms at the active sites. This effect is shown to be electronic in nature, as low coordinated metal
atoms, which bind reactants most strongly, have the highest energy metal d states.

Introduction

The CO oxidation reaction, CO+ '/,0, — CO,, often serves
as a prototypical reaction in heterogeneous catalysis. Its
importance is exemplified by its use to remove toxic CO from
the exhaust of motor vehicles, where Pt, Pd, and Rh are the
catalysts of choice.? Yet the reaction is relatively simple, with
only two reactants and one product. For these reasons it is very
well studied, both experimentally*~!* and theoretically.*'® The
CO oxidation reaction has also served as a test reaction in the recent
exploration of the catalytic activity of nanoparticle Au.3%13-3!
Interestingly, small Au nanoparticles (d < 5 nm) were found to
be catalytically active, whereas larger Au particles and close-packed
extended surfaces are much less so. This has been variously at-
tributed to quantum size effects,® support interactions,?>**3? charge
transfer,”*>-* and the role of low-coordinated sites.!®!7-26-30.34

Unlike most previous studies of the CO oxidation reaction,
we will concentrate in the present paper on the broad trends in
reactivity. We will use density functional theory (DFT) calcula-
tions to describe the variation of bond energies and activation
energies with metal and surface structures. As we are interested
in broader trends, we have chosen not to consider coverage
dependence or surface oxidation at certain conditions.! Instead,
we will compare metals under idealized conditions where the
surface coverages are optimal. While these conditions may not
be realizable in practice, the present work may be viewed as a
comparison of the intrinsic catalytic activity of different metals
(in their metallic states) and different surface structures.

We begin with a short description of the structure models
and calculation method used. This is followed by an introduction
to the microkinetic model and Sabatier analysis used to compare
reaction rates for different metals. We will show that to a first
approximation the rate is a volcano-shaped function of the
adsorption energy of O and CO. In so doing, we extend and
elaborate on the work started in ref 35. By calculating the
volcano function for various stepped and kinked surfaces as
well as for nanoparticles, we show that the peak location does
not depend strongly on the surface geometry. However, the rate
itself is strongly dependent on the geometry. This is because
the adsorption energies, and hence the activation energies, are
geometry dependent. It spite of its simplicity, this analysis yields

*To whom correspondence should be addressed. E-mail: norskov@
fysik.dtu.dk.
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(a) Au (111) close packed surface

(b) Au (211) stepped surface

(c) Au (532) kinked surface

Figure 1. Structural schematics and lowest coordination number N¢
for the (a) Au (111) close-packed surface, (b) Au (211) stepped surface,
(c) Au (532) kinked surface, and (d) Au 55 atom cuboctahedral cluster
and Au 12 atom cluster corner model.

(d) Au 55 atom and Au 12 atom clusters

results in qualitative agreement with available experimental data,
including the special catalytic activity of Au nanoparticles. This
model also provides a simple picture of geometrical effects in
the CO oxidation reaction. Finally, we use these calculations
to identify the electronic origin of the structure dependence of
the chemical activity.

Method

Surface Structures. Surface geometry is known to play an
important role in the catalytic properties of metals. Here we
compare the catalytic activity of the five different surface
structures shown in Figure la—d. We begin by studying the
activity of a close-packed surface (111), a stepped surface (211),
and a surface with both steps and kinks (532). To better describe
highly under-coordinated surface structures, we also study a 12
atom cluster chosen to model a sharp corner on a large
nanoparticle with the metal atoms kept fixed at the bulk lattice

© XXXX American Chemical Society
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constant values (M12). Further, to describe the influence of
decreasing size on adsorption energies we have used a “magic size”
55 atom cuboctahedral cluster model. Although not necessarily
the most stable structure, cuboctahedral Au and Pt clusters have
been found experimentally.*3® Also, unlike other cluster types,
such as icosahedral, cuboctahedral clusters have a bulk fcc
structure. This aids in the comparison of energies and occupation
sites with those for bulk surface structures.

Calculation Method. Adsorption, transition state, and gas
phase energies are calculated using the plane wave DFT code
DACAPO.* Kohn—Sham one-electron valence states are ex-
panded in a basis of plane waves with kinetic energies up to 30
Ry. Vanderbilt nonlocal ultrasoft pseudopotentials are used to
describe the core electrons. The exchange-correlation (xc)-
energy is described employing the RPBE generalized gradient
correction self-consistently.*

For all surfaces, a 6 x 6 x 1 Monkhorst-Pack k-point
sampling in the irreducible Brillouin zone was used. The
occupation of the one electron states was calculated at a
temperature of kg7 = 0.1 eV, and all energies were extrapolated
to 7= 0 K. Lattice constants have been determined by separate
calculations on the bulk metals. The (111) surfaces were
modeled by (2 x 2) surface unit cells with slab thicknesses of
four layers and the two topmost layers were allowed to fully
relax. The (211) and (532) surfaces were modeled by (2 x 1)
and (1 x 1) surface unit cells, respectively, with three close
packed layer slabs, where only the topmost layer was allowed
to relax. For all types of surfaces, the neighboring slabs are
separated by more than 10 A of vacuum. For both cluster
structures, I" point calculations were performed within unit cells
with 210 A of vacuum between structures, with a Fermi
temperature of kg7 = 0.01 eV. All of the atoms in the 12 atom
clusters were kept fixed in order to mimic the geometrically
constrained corner of a larger particle, with a lattice constant
corresponding to the bulk value. On the other hand, the M55
cluster has a realistic nanoparticle structure,’** so all atomic
positions were relaxed.

We have included energy corrections for the adsorption of
CO to avoid the overbinding of CO by DFT, which yields lower
binding energies on bridge sites than atop sites, in contradiction
to experiment.*® Oxygen adsorption energies are calculated
relative to the O, energy from H,O splitting using the
experimental reaction energy and that for H, and H,O in the
gas phase.*! This avoids difficulties associated with a DFT
treatment of the triplet state of gas phase O,.*?

Microkinetic Modeling. In order to link the calculated
adsorption energies and activation energies with catalytic
activity, we will employ a simplified microkinetic model, built
on the analysis presented in ref 35. Such a model, based on
adsorption energies and activation barriers for Au corner sites,
has recently been shown to quantitatively reproduce the tem-
perature dependent reactivity of Au nanoparticles.’!

A simplified kinetic treatment, termed the “Sabatier analysis”,
is used to estimate reaction rates.** In this analysis, the coverages
of free sites and adsorbed species are assumed optimal for each
reaction step. Although this may not be realizable under
experimental conditions, the Sabatier rate yields an exact upper
bound so long as the state of the surface does not change due
to oxidation or reconstruction. The Sabatier analysis thus
provides a measure of the intrinsic ability of a metal surface to
catalyze a given reaction.

We begin by assuming a Langmuir—Hinshelwood type
mechanism for CO oxidation, so that the reaction may be
described using the following elementary steps:
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CO + * <= CO* R1)

0, + * <= 0O,* (R2)

0,* + * < 20% (R3)

CO* + O* = CO, + 2% (R4)
CO* + O,* < CO, + O* + * (RS)

Here we have assumed that reactions R1 and R2 have reached
equilibrium, so that the net rates r; &~ r, &~ 0. Overall, the
Sabatier rate for CO, production is the sum of the rates for
reactions R4 and R5. However reaction R4 is limited if no
atomic oxygen is present from reactions R3 or R5. On the other
hand, reaction R5 will be limited by a poisoning by atomic
oxygen of the catalyst, and can therefore not be faster than
reaction R4. Hence the overall reaction rate according to the
Sabatier analysis is then

rg = max{2min{rs, r; }, min{2r;,r} }}

since the rates for reactions R3—R5 will be maximized if we
consider only the forward rates r;".

Following the procedure outlined in ref 35, the forward rates
are given by

ry =00 0k
ry = 008coks = Ocoky

+ +
rs — eozecoks

where 6co, 0o,, 6o, and 0« are the coverages of CO, O,, O, and
unoccupied sites respectively. Note that we have assumed the
rate for (R4) is independent of the O coverage, which was shown
to give a good approximation to the fully self-consistently solved
microkinetic model in ref 35. The rate constant k; for the
elementary reaction step, i, is given by

k - A(;ai
i — V; €Xp kBT
[— (E,, + AZPE, — TAS,,)
= V; eXp
kT

where v; is the prefactor, E,; is the activation barrier for the
reaction, AZPE,; is the zero-point energy change, AS,; is the
entropy change, kg is the Boltzmann constant, and T is the
temperature. We assume the prefactors are metal independent,
so that v; = kgT/h, and that the change in zero-point energy is
negligible compared to the activation barrier (AZPE,; < E,).
Further, we assume the entropy of adsorbed species is much
smaller than that in the gas phase (S.s << Sgu), 50 that AS,; ~
FS,4s for adsorption/desorption, where gas phase entropies are
taken from ref 44. Activation barriers are found as the energy
difference between the transition and initial state, (E, = max
(Ets — E15,0)).

Since reaction steps R1 and R2 are assumed to be in
equilibrium, the coverages of CO and O, satisfy Oco = K pcob+
and 0o, = K;po,0+. The coverage of unoccupied adsorption sites
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Figure 2. The scaling and BEP relations for (111) surfaces (@, —
[black]), (211) surfaces (M, - - - [red]), (532) surfaces (®, --- [green]),
and M 12 clusters (A, *++ [blue]). (a) The scaling of the O, adsorption
energy Eo, with the O adsorption energy Eo. (b) Calculated transition
state energies for O, dissociation Etg; (R3) as a function of O adsorption
energy Eo. (c) Calculated transition state energies for adsorbed CO
reacting with adsorbed O Etss (R4) as a function of the sum of the O
and CO adsorption energies, Eo + Eco. (d) Calculated transition state
energies for adsorbed CO reacting with adsorbed O, Erss (RS) as a
function of the sum of the O and CO adsorption energies, Eo + Eco,
with surface averaged BEP relation (—).

is then

gmex 1
" 1+ Kipeo + Kypo,

where we have assumed 0o < 0cq, 0,, and 0+, which provides
upper bounds for the respective coverages. Here pco and po,
are the partial pressures of O, and CO in the gas phase, and the
equilibrium constants K; = k;'/k; are determined from K; = exp
(—(AE; — TS)/(kgT)), where AE; is the chemisorption energy
of CO, O,, and O respectively.

Results and Discussion

Scaling Relations. Our goal is to use the calculated adsorp-
tion energies and activation energies to study trends in catalytic
rates. Therefore we begin by studying trends in these energies.
We will show how scaling relations between different adsorption
energies and between activation energies and adsorption energies
(Brgnsted—Evans—Polanyi (BEP) relations) limit the number
of independent variables characterizing a particular metal and
structure.®’

In Figure 2a—d, scaling relations obtained for the CO
oxidation reaction on the different surface structures of transition
and noble metals are shown. In Figure 2a, we present the linear
scaling between the adsorption energy of O, and atomic oxygen,
O. Further, we obtain BEP relations in Figure 2b—d showing a
linear scaling between the adsorption energies of CO and O,
Eco and Eop, and the transition state energy for reactions R3—RS.
In general, the data falls into families of linear relations, with
one approximately linear relation for each structure of the
catalyst. The differences in the lines reflect the structure-
dependence of the different adsorption energies and reaction
barriers. For the CO + O and CO + O, reactions the different
BEP lines are nearly indistinguishable. This implies that
geometrical effects may be neglected. Note that even if there is
only one BEP line for a particular elementary reaction for all
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structures, there are still large differences in the adsorption and
hence the activation energy for a given metal from one structure
to the next. For instance, for Au the CO adsorption energy varies
by ~1.0 eV from the (111) surface to the M12 cluster.

The linear relations shown in Figure 2 mean that of the
original six metal-dependent variables (Eco, Eo,, Eo, Ets3, Ets4,
and Eqss) only two are independent. We choose for these two
independent variables Eco and Eo. We may thus calculate the
Sabatier rate for CO oxidation as a function of these two
parameters alone for each of the structures studied. This means
that we rely on the linear relations in Figure 2 in the kinetics.
These relations are not exact, but they clearly describe the trends
for metals and structures quite well. We suggest that this
provides a good basis for a study of trends in the catalytic
activity.

Volcanoes. Figure 3a—d shows the Sabatier activity Ag =
ksT In (rs/kgTh™") as a function of the adsorption energies of
CO and O for the close-packed (111), stepped (211), and step-
kinked (532) surfaces as well as for the M12 cluster. A 2D
volcano results with a maximum for a particular value of Eco
and Eo, which represents the adsorption properties of the best
catalyst. Note that the CO adsorption energy on Pd(111) has
been corrected from the value reported in ref 35. An important
observation is that in spite of the differences in the scaling
relations in Figure 2, the volcanoes are all very similar for a
given temperature. In particular, the position of the maximum
in terms of Eco and Eo hardly changes from one structure to
the next. One reason for this structure independence is related
to the relevant energy scale. It may be seen in Figure 3 that the
maxima are quite broad. The width of the maximum, defined
as the width of the contour where the rate is 1 order of
magnitude lower than the maximum, is on the order of 0.5 eV.
This gives a certain insensitivity of the results to the details of
the energetics.

For each structure we have shown in Figure 3, the position
of the different metals is defined by their (Eco, Eo) coordinate.
It should be observed that the Au point moves closer to the
maximum in the order (111) — (211) — (532) « + (M12), while
the Pt and Pd points move away in the same order. This is made
even clearer in Figure 4, where we show how the (Eco, Eo)
points for different structures wander on an average of the
different volcanoes. Here we have also added the points (Eco,
Ep) for the Pt55 and AuSS5 clusters. They clearly adhere very
well to the same trends.

There are two main conclusions from this analysis. First, the
rate of CO oxidation (under the idealized conditions considered
here) is a clear function of the local geometry. At the low
temperature conditions considered in Figure 3, Au steps, kinks,
and small particles have a higher calculated rate than the close-
packed surface.' This is in good agreement with experimental
observations.’’ We note here that additional effects due to
supports may also contribute to the enhanced catalytic activity
of small Au particles. The present calculations suggest that there
is also an intrinsic size dependence relating to the availability
of the most reactive structures involving low-coordinated Au
atoms. For the other metals there is also a dependence on size.
At low temperature it is quite weak for Cu and Ag, and stronger
for Pd and Pt. For the latter two metals the trend is that the
intrinsic activity decreases with decreasing particle size. At
higher temperatures the CO oxidation rate is largest on these
metals. The increased temperature shifts the top of the volcano
to stronger adsorption energies, hence in the direction of the
platinum metals. Such effects have been observed both experi-
mentally and theoretically.**° This effect on the reactivity is,
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Figure 3. Contour plot of the Sabatier activity As = kg7 In(rs/kgTh™") in eV at (top) low temperature (T = 273, po, = 0.21 bar, pco = 0.01 bar)
and (bottom) high temperature (7' = 600 K, po, = 0.33 bar, pco = 0.67 bar), as a function of the CO and O adsorption energies on the (a) (111)
surfaces (@, black), (b) (211) surfaces (M, red), (c) (532) surfaces (4, green), and (d) M12 clusters (4, blue). The values for several elemental
metals are shown. The activity is calculated under typical experimental conditions for gold nanoparticles.
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Figure 4. Contour plot of the “average” Sabatier activity As = kT
In(rs/kgTh™') in eV at (top) low temperature (7 = 273 K, po, = 0.21
bar, pco = 0.01 bar) and (bottom) high temperature (7' = 600 K, po,
= 0.33 bar, pco = 0.67 bar) from Figure 3 as a function of the CO and
O adsorption energies on (111) surfaces (@, black), (211) surfaces (H,
red), (532) surfaces (4, green), M12-clusters (A, blue), and M55-clusters
(v, magenta). The values for several elemental metals are shown. The
activity is calculated under typical experimental conditions for gold
nanoparticles.

however, quite weak. For platinum metals, the reaction rate for
small nanoparticles may still be higher due to a significantly
larger surface area per unit mass of catalyst. Additionally, mass
and heat transfer could play an important role.

The other conclusion is that the main effect behind the
structure variation is related to the strength of the adsorbate-
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Figure 5. Adsorption energy Eco and Eq versus d-band center for
(111) surfaces, (211) surfaces, (532) surfaces, and M12 clusters of (a)
Au (open black square, open red circle) and (b) Pt (solid black square,
solid red circle).

metal bond at different structures. This effect is not geo-
metrical, since the volcanoes for different structures are not
very different. Rather it is connected to the variation in the
bond strength of the different adsorbates as the structure is
changed.

Electronic Effects. It was shown above that the structure-
induced change in the intrinsic catalytic activity for CO
oxidation on a number of metals is determined by the structure
dependence in the adsorbate—surface interactions. We will now
discuss the electronic origin of this effect.

In Figure 5 we show the variation in the adsorption energy
of O and CO with the d-band center of the surface atoms. The
d-band center is the average energy of the d states. Here it is
defined as the density of states of the metal atoms to which CO
and O bind, projected onto the d states of these metal atoms.
The energy is taken relative to the Fermi energy. According to
the d-band model® the strength of the adsorption bond should
increase as the d states are shifted up in energy. This is also
what is observed in Figure 5, for both the Pt and the Au clusters.
The effect is stronger for Pt, since here the d states are higher
up in energy and the bond strength is larger. The results illustrate
the simple rule of thumb that the lower the metal coordination
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number, the higher the d states are in energy, and the stronger
they interact with adsorbates.

Conclusion

The main conclusions of the present computational study
are the following. For the CO oxidation reaction over a range
of metal surfaces, we have shown that the scaling relations
between different adsorption energies and between activation
energies and adsorption energies are structure dependent. By
studying different close-packed, stepped and kinked surfaces
as well as very small clusters, we have shown that the main
difference in catalytic activity between different surface
geometries is related to the “openness” of the surface. More
precisely, the coordination number of metal atoms at ac-
tive sites provides this structure dependence. By including
the stepped and kinked surfaces, we have filled the gap
between close packed surfaces and nanoparticles discussed
in ref 35. Further, the activity is found to be a quasicontinuous
function of the openness of the surface. We have also
provided detailed evidence that this effect is electronic in
nature: the low coordinated metal atoms that bind the
reactants most strongly have the highest energy metal d states.

The present analysis has been explicitly aimed at understand-
ing trends in reactivity for different metals and surface structures.
As such, we have not included coverage effects, particularly
the effects of high oxygen coverage and oxidation. Only the
intrinsic metal activity has been studied.

The results of the present analysis may be used to
understand structural effects in supported catalysts. Since the
number of low coordinated metal sites is a strong function
of particle size, the geometrical effects studied here will
translate directly into particle size effects for supported
catalysts. The finding that the catalytic activity of Au atoms
increases strongly as the metal coordination number of the
Au atoms decreases may provide part of the explanation for
the unusually high catalytic activity of Au nanoparticles.
Since the number of low-coordinated Au atoms should scale
with particle size, d, as d? (edges) or d™* (corners), our
analysis explains why such scaling has been found experimentally. 346

In supported catalysts one effect of the support is to
determine the particle size for a given catalyst preparation
and a given set of reaction conditions. As discussed above,
this will determine the activity of the catalyst. The support
may also affect the shape of the active metal catalysts. This
can also change the number of most active sites. The support
may also interact so strongly with the catalysts that the most
reactive sites are covered by it. This can decrease the number
of low-coordinated sites. Finally, the support may play an
active role by activating some of the reactants or by providing
new sites at the perimeter between the metal and the support.
While all these effects may contribute, the present analysis
has identified the intrinsic geometrical effect associated with
the metal for the CO oxidation reaction. This effect will
always be present, but may be further augmented by
additional effects.
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Trends in the Catalytic CO Oxidation Activity of Nanoparticles**
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Claus H. Christensen, and Jens K. Ngrskov*

Although extended gold surfaces are generally considered
chemically inert!? nanosized (< 5 nm) gold particles can be
very effective catalysts for a number of oxidation reac-
tions.’'”) There are reports of similar size effects for silver
catalysts.'®!) The origin of the nanoeffects in the catalytic
properties of these metals is widely debated,™ and no
consensus has been reached. Based on a set of density
functional theory calculations of the full reaction pathway for
CO oxidation over extended surfaces as well as over small
nanoparticles of a number of metals, we show that although
platinum and palladium are the most active catalysts for
extended surfaces at high temperatures, gold is the most
active for very small particles at low temperature. The
calculations capture the special catalytic properties of nano-
sized particles observed experimentally, which allows the
origin of the effect to be analyzed.

Herein, we focus on intrinsic metal effects; that is, we do
not include additional possible effects that involve the
support. It is not that such effects may not be important,>2*2!]
but it is useful to first establish the intrinsic metal effects,"” in
particular as it has been shown experimentally that nano-
structured gold with no support is also catalytically active.*>*!
The key feature of our analysis is that we compare catalytic
activities of different transition and noble metals for one
specific reaction, the CO oxidation.

The CO oxidation reaction on close-packed fcc(111)
surfaces was considered initially, which will give a dominant
contribution to the total catalytic rate over large metal
particles. We consider the following elementary reactions:

CO + * = CO* (R1)

0, +* = 0,* (R2)
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0,% + * = 20* (R3)

O* + CO* = CO, + 2* (R4)

For the metals we consider herein, Reactions (R1) and
(R2) are unactivated and fast, and we assume that these two
reactions are in equilibrium. This means that we are limited to
temperatures high enough that desorption is also fast. The
possible formation of an oxide layer on the more reactive
metals is neglected.

The forward and reverse rate constants of the Reactions
(R3) and (R4) are given by k;=v,exp[-AG/kT)]
=, exp[—(E,—TAS,)/k T], where v, is a prefactor, E, is the
activation energy, k is the Boltzmann constant, and 7 is the
absolute temperature. The activation energies are E,=
max(Es—Es, 0) where Ejg is the initial state energy and Eqg
is the transition-state energy. AS,; is the entropy difference
between the transition state and the initial state. The entropy
of adsorbed species are assumed to be zero, and the gas-phase
entropies are taken from Ref. [24]. The adsorption energies of
the different species Ecq, Eo,, and Eq and the transition state
energies are given with respect to the gas-phase molecules.

Assuming the prefactors and adsorption entropies are
independent of the metal, there are five metal-dependent
parameters determining the kinetics: Eco, Eo,, Eo, Ers;, and
Eg. The transition-state energies are, however, found to
scale linearly with the adsorption energies, as shown for Eg;
and Eqg, in Figure 1a and b. Such Brgnsted-Evans—Polanyi
(BEP) relations are found quite generally for surface
reactions.” Furthermore, the O, adsorption energy scales
with the O adsorption energy (Figure 1c). This means that the
adsorption energies Eco and E, can be viewed, to a first
approximation, as the only independent variables character-
izing the metal in the microkinetic model. Owing to the low
number of elementary reactions, it is possible to find an
analytical solution for this microkinetic model. Herein, we use
instead the more general method of a so-called Sabatier
analysis to find an upper bound to the overall reaction rate.*

The Sabatier ratel® is the rate the reaction will have if all
coverages are optimum for each elementary reaction step.
Such conditions may not be obtainable in reality, but the
Sabatier rate still provides an exact upper bound to the
steady-state rate under any reaction conditions. The Sabatier
rate is also an upper bound on the rate when islanding is
included, as that will decrease the number of possible reaction
centers to the length of the boundary between different
phases.”””? The Sabatier rate thus forms a good measure of the
intrinsic ability of a given metal surface to catalyze the
reaction in question. The metal with the highest Sabatier rate
is taken herein as being the best catalyst.
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Figure 1. The BEP and scaling relations for different close-packed
fcc(111)-surfaces. a) Calculated transition-state energies for O, disso-
ciation (R3) as a function of oxygen adsorption energy.
Ers3=1.39E5+1.56 eV. b) Calculated transition-state energies for
adsorbed CO reacting with adsorbed O (R4) as a function of the sum
of the O and CO adsorption energies. Erg,=0.70(Eq+Eco) +0.02 eV.
c) The scaling of the O, adsorption energy with the oxygen adsorption
energy Eo,=0.89E,+0.17 eV. For Pt(111,) the calculated reaction
barrier E,= Ers— (Eco+Eo) for CO* 4+ O*=CO,+ 2* is 0.85 eV, in good
agreement with calculations.?%!

The rate of reaction for (R3) and (R4) are maximized if
the reverse reactions are neglected. The Sabatier rate is
therefore calculated from the forward rates:

ri = 00,0, ki = 00,0,v; exp|—(E—T AS,5) /K T (1)
ry = 000co ky = 000c0 vy exp[—(Eyu—T ASy)/kT) 2)

where 6, is the coverage of adsorbed oxygen molecules,
0o is the coverage of adsorbed atomic oxygen, O is the
coverage of adsorbed CO molecules, and 6. is the coverage of

free sites of the surface. The coverages will depend on the
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reaction conditions, temperature, reactant pressures, and
conversion.

For the present case, the optimum coverages are found by
first neglecting the coverage of atomic oxygen. Still assuming
that (R1) and (R2) are in equilibrium, this gives:

max __ 1
O = 11K, p(CO) + Ko p(Oy) ®)

where K, and K, are the equilibrium constants for (R1)
and (R2), and p(CO) and p(0O,) are the partial pressures of
CO and O,. The optimum coverages of CO and O, have
similar expressions, namely 625 =K;p(CO)0. and 05" =
K>p(0,)6-.

The Sabatier rates of each of the Reactions (R3) and (R4)
are found by using the forward rates from (1) and (2) with the
coverages of 6™, 025 and 657 from (3), and the coverage of
05™ set to one.

r:? max — k;—eg:xe:a){ (4)
AT = KOO = k0% 5)

The Sabatier rate of forming CO, is determined by the
lowest of the Sabatier rates of Reaction (R3) and (R4):

rg = min{2 73 ™, 3™} (6)

where the factor of 2 stems from the stoichiometric
number for (R3).

Figure 2 shows a contour plot of the Sabatier activity over
close-packed surfaces. The Sabatier rate is calculated at 7=
600 K, P5,=0.33 bar and Pco=0.67 bar, corresponding to
high-temperature CO oxidation conditions. The two-dimen-
sional volcano plots show that, of the elemental metals,
platinum and palladium are closest to the top. This agrees well
with experimental evidence.” Platinum and palladium are

06
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36
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54

EcoleV
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Figure 2. Contour plot of the Sabatier activity As=kTIn[rs/v] over
close-packed surfaces as a function of Eco and E, (v is set to kT/h)
under high-temperature conditions (T=600 K, Po,=0.33 bar, and
Pco=0.67 bar). The values for different elemental metals can be taken
from their indicated positions.
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excellent CO oxidation catalysts, used for example in car
exhaust after-treatment. This result is completely in line with
DFT calculations and kinetic modeling by Grabow et al.?!!
showing that at low temperatures, platinum without strain has
a higher activity than either compressed (weaker bond
energies) or expanded (stronger bond energies) platinum
surfaces.

The reactivity of nanoparticles was then investigated. One
important feature of nanoparticles is that the relative fraction
of low-coordinate corner atoms to surface atoms is very
large.'>32 We concentrate herein on the reactivity of corner
atoms, and model these by carrying out calculations for metal
clusters containing twelve atoms, in the structure shown as
inserts in Figure 3. All the twelve atoms in the cluster are held
fixed with a lattice constant corresponding to the bulk value
to mimic a geometrically constrained corner of a larger
cluster, such as those in the range 2-5 nm studied exper-
imentally. The calculations are thus more intended to model a
general corner site on nanoparticles than specifically a twelve-
atom cluster, as such small clusters will have much larger
structural flexibility.!

It turns out that adsorption is considerably more exother-
mic on the twelve-atom clusters than on the close-packed
surfaces. This makes it important to include another elemen-
tary reaction, as the coverage of molecular O, may be large
enough such that an associative mechanism®! may be
important:

0,* + CO* = CO, + O* + * (RS)

For the (111) surfaces, the weak bonding of O, combined
with the reaction barrier for the process makes it unimportant
for platinum® and less reactive metals.

As for the fcc(111) surface, correlations between the
transition state energies, Erg3, Frs4, and Eqgs, and the binding
energies, Eg and E, are found for the twelve-atom cluster. A
scaling between E, and Ej, is also found. These relations are
shown in Figure 3. The linear relations are similar to those of
the close-packed surfaces (Figure 1), except that the adsorp-
tion energy axis has shifted. The adsorption energy of both
CO and O are substantially more negative (exothermic
adsorption) on the corner sites than on the close packed
surfaces; compare for example, the adsorption energy of O on
the (111) surfaces to those on the twelve-atom cluster: on the
latter the bond is stronger by of the order 0.5 eV. The same
trend is seen for molecular CO adsorption.

The expressions for the optimum coverages and the
Sabatier rate for (R3) and (R4) are the same as for the
fcc(111) surface. For (RYS), the Sabatier rate is:

R e ™
Both Reaction (R3) and (R5) dissociate O,, and can be

followed by Reaction (R4) creating CO,. The Sabatier

activity is therefore given by:

rg = max{2 min{r™, r¥™*=} min{2 1§™>, r5mY} (8)

Figure 4 shows the contour plot of the Sabatier activity,
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Figure 3. The BEP relations and scaling relation for different twelve-
atom clusters. a) Calculated transition-state energies for O, dissocia-
tion (R3) as a function of oxygen adsorption energy.
Ers;=1.87Ey+2.04 eV. b) Calculated transition-state energies for
adsorbed CO reacting with adsorbed O (R4) and O, (RS5) as a function
of the sum of the O and CO adsorption energies. Eys,=0.78-

(Eo+Eco) +0.09 eV and Eq355=0.70(Eq+Eco)—0.44 eV. c) The scaling of
the O, adsorption energy with the O adsorption energy

Eo,=1.18 E5+0.03 eV. Transition states for the reactions on the Auy,
cluster are shown as inserts.

Ag=kTIn[rgv]. In this case, gold is closest to the top,
followed by palladium and silver.

The results in Figure 2 and Figure 4 are in good agreement
with available experimental observations.* It shows that
the relative activities of different metals can be theoretically
estimated, and it provides a clear picture of the catalyst
properties determining the best catalysts in terms of the
adsorption energies of the intermediates. The volcano plots of
Figure 2 and Figure 4 can be viewed as an illustration of the
Sabatier principle, with the important new feature that we
know which adsorption energy that provides the optimum
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Figure 4. Contour plot of the Sabatier rate as a function of the CO and
O adsorption energies on the twelve-atom clusters. The values for
some elemental metals are shown. a) The activity under typical
experimental conditions for CO oxidation by gold nanoparti-
cles(T=273 K, Po,=0.21 bar, and P, =0.01) and b) the activity under
high-temperature conditions (T=600 K, P,,=0.33 bar, and

Pco=0.67 bar).

catalyst. The position of the maximum in terms of adsorption
energies depends slightly on the structure, which is related to
the fact that the relationship between adsorption energy and
activation energy is somewhat structure dependent. More
importantly, it can be seen that the metals corresponding to a
particular adsorption energy shift substantially depending on
the coordination number of the metal atom. This is true for all
the metals considered, and it is the dominant reason for gold
becoming the best elemental catalyst for the low-coordinate
sites. The shift is of the same order of magnitude as the
difference between neighboring metals in the periodic table,
explaining why it appears as if the top of the volcano has
shifted by a little less than one place to the right in the
periodic table from Figure 2 to Figure 4.

Comparing the volcanoes in Figure 2 and Figure 4, it is
clear that for gold, the corner atoms will dominate over the
close-packed surfaces for even quite large particles, as the
value of rgis many orders of magnitude larger in this case. For
platinum, on the other hand, the difference is only about an
order of magnitude. It should be noted that even for platinum,
small particles could still be more active than larger ones, but
only because the surface area per mass of catalyst is larger
(scaling as d ).

www.angewandte.org

The present analysis suggests that the more noble metals
move to the maximum in the reactivity volcano when lower-
coordinated metal atoms serve as active sites for the reaction.
It suggests that similar results could be found for other
reactions. For oxidation reactions, the best extended surface
catalysts are already quite noble: platinum and palladium,
and gold is the next, less reactive metal. For reactions
involving less reactive molecules, such as N,, we would expect
that the best nanoparticle catalysts would not be gold but
metals just to the right in the periodic table of the most active
metals (ruthenium, iron) for this reaction, for example, cobalt
or nickel. It is therefore possible that pronounced nanoeffects
in catalysis is not restricted to gold.

In summary, we have modeled the special catalytic
properties of nanosized particles observed experimentally,
and analyzed the origin of the effect. The ability of the metal
atoms to activate reactants change substantially as the
coordination number of the active metal site is reduced at
corners of metal particles. This model supports the hypothesis
that part of the observed reactivity of gold nanoparticles is
independent of the substrate.
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Catalytic activity of
Au nanoparticles

Au is usually viewed as an inert metal, but surprisingly it has been found
that Au nanoparticles less than 3-5 nm in diameter are catalytically
active for several chemical reactions. We discuss the origin of this
effect, focusing on the way in which the chemical activity of Au may
change with particle size. We find that the fraction of low-coordinated
Au atoms scales approximately with the catalytic activity, suggesting
that atoms on the corners and edges of Au nanoparticles are the active
sites. This effect is explained using density functional calculations.
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Catalysts are widely used in the large-scale manufacture

of chemicals and in the production of fine chemicals and
pharmaceuticals. Fuel processing is a good example: the gasoline
that we use in our cars requires at least ten different catalysts
during its transformation from crude oil. Environmental

technologies also rely heavily on catalysts; the best known

example being the catalytic converter in the exhaust of every car.

It is estimated that more than 20% of the gross national product
(GNP) of industrial countries relies in one way or another on
catalysis?.

In heterogeneous catalysis, the reacting molecules adsorb on the
catalytically active solid surface. Chemical bonds are broken and
formed on the surface and eventually the products are released back
into the liquid or gas phase. Many of the heterogeneous catalysts
used in industry today consist of small particles of a catalytically
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active material, typically with a diameter of 1-10 nm, anchored on
a porous support. The use of nanoparticles results in a large contact
area between the active material of the catalyst and the surrounding
gas or liquid phase. This ensures that the catalytic material is used
effectively. One of the interesting scientific and technological
challenges associated with the use of nanoparticles as catalysts is the
understanding of how the composition and atomic-scale structure of
nanoparticles produce the best catalytic activity. The second challenge
is to synthesize these particles with maximum control over the
composition and structure. Modern nanotechnology methods clearly
offer great potential for future developments in both characterization
and synthesis of heterogeneous catalysts based on supported
nanoparticles.

Maximizing the surface area is not the only reason for using
nanoparticles as heterogeneous catalysts. Au is usually considered

ISSN:1748 0132 © Elsevier Ltd 2007
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chemically inert2-4, but in 1987 Haruta et al.> showed that nanosized
(<5 nm) Au particles can be very effective catalysts. This indicates that
the catalytic properties of a particular material can be dramatically
influenced by the particle size. The fact that Au particles with
diameters of about 5 nm or less have unique catalytic properties has
initiated a search both for an explanation of this quite unexpected
effect and for chemical reactions that are catalyzed by Au5-34. In some
cases, catalysts based on nanosized Au particles allow a significantly
lower reaction temperature than used in existing processes, which is
promising for the development of energy efficient processes35-38,

Here we discuss some of the reasons why small Au particles are
catalytically active. Several explanations for the catalytic activity
of such particles have been proposed, including quantum size
effects10.11.39-41, charge transfer to and from the support42-44 or
support-induced strain4>, oxygen spill-over to and from the
support1246-55 the Au oxidation state27.56-72, and the role of very
low-coordinated Au atoms in nanoparticles343845.73-84 |t is likely that
several of the aforementioned effects occur simultaneously. In this
review, we concentrate on some of the effects that are associated with
the particle size alone. These will always be present, independent of the
support material.

The reactivity of Au and Au nanoparticles
The ability of a metal surface to form bonds with a gas is a measure
of how noble it is. The nobility of a metal is well illustrated by the
ability of the surface of the metal to oxidize, that is, to chemisorb
oxygen dissociatively. Fig. 1 shows calculated oxygen chemisorption
energies on a selection of transition metals85. It can be seen that
the metals located above and to the left of Au in the periodic table
have increasingly large chemisorption energies, and that the metals
neighboring Au bind oxygen weakly. Au is the only metal with an

Gr 'Mn Fe CGo N GCu

-6,30 -507 -3,90 -2.51
Mo Tc Ru Rh Pd Ag
-7.48 -4,62 -4,03 -1,20 -0,65
W R 0s Ir Pt Ao
-8,62 -4,65 217 +0,54

| ————

Fig. 1 The dissociative chemisorption energies for oxygen on transition metal
surfaces with respect to a molecule in vacuum calculated by density functional
theory (DFT). All results are for adsorption at either a body-centered cubic
(210) surface (for Fe, Mo, W) or a face-centered cubic (211) surface (other
metals)85.
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Fig. 2 Reported catalytic activities (in mmol/gy, s, left axis) for CO oxidation at
273 K as a function of Au particle size (d, in nanometers) for different support
materials’423,53,55.80,83,88-94_The supports are indicated by the symbol shape:
open symbols correspond to reducible supports, closed symbols to irreducible
supports. The solid curve shows the calculated fraction of atoms located at the
corners of nanoparticles as a function of particle diameter for uniform particles
shaped as the top half of a regular cuboctahedron (see also Fig. 5). (Adapted
from34.80,)

endothermic chemisorption energy, which implies that it does not bind
oxygen at all. This illustrates the well-known fact that Au is inert in an
oxygen atmosphere86.

The trends in Fig. 1 can be understood by considering the chemical
bond that forms as a result of the coupling of the oxygen valence
states and the metal d-states in the so-called d-band model487. Au
has d-states so low in energy that the interaction with oxygen 2p-
states is net repulsive. It is therefore unlikely that Au should be a good
catalyst for an oxidation reaction. Nevertheless, the oxidation of CO
(as it takes place over Pt-based catalysts in an automotive exhaust
system) is one of the reactions where Au nanoparticles are a very good
catalyst, even at room temperature. This is illustrated in Fig. 2, which
is a compilation of experimental data of the CO oxidation activity as a
function of the size of Au nanoparticle catalysts with different support
materials14.23,53,55,80,83,88-94 |t js clear that the activity is strongly
dependent on the size of the Au nanoparticles, and that only catalysts
with Au particles below 5 nm show catalytic activity. Furthermore,
it can also be seen that the activity varies depending on the support.
These effects are clearly important, but the results of Fig. 2 indicate
that the most important effect is that of size. In this review, therefore,
we concentrate on the intrinsic catalytic activity of Au particles bearing
in mind that there are additional effects to consider in order to develop
a complete picture of Au catalysis.

Density functional theory simulations

To investigate why the size of Au nanoparticles has such a significant

influence on the catalytic activity, we apply density functional theory

calculations (DFT) to simulate the behavior of adsorbed molecules on

a Au nanoparticle. Rather than simulating a Au cluster of 3-5 nm with
thousands of atoms, we simulate a ten atom cluster (as shown in the

insert in Fig. 3). We do not include a substrate in the simulations either,
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Fig. 3 Calculated reaction energies for CO oxidation on an Au, cluster
(shown in insert). The lower layer of the cluster is kept fixed in the direction
perpendicular to the support. Two reaction routes are shown: one dissociates
O, before reaction with CO to form CO,, and the other reacts molecular O,
directly with CO.

so the results originate only from the Au nanoparticles themselves.
This is clearly an oversimplification of a real catalytic system, but is
adequate to illustrate the effect of the particle size qualitatively. We
consider below the CO oxidation as a test reaction.

The calculated energy diagram of two possible routes of CO
oxidation is shown in Fig. 33475, One route dissociates O, before
reacting with CO to form CO,; the other is a reaction between
molecular O, and CO. The results indicate that CO oxidation is
possible at room temperature. It can be seen that the reaction between
molecular O, and CO is favored — it requires considerably lower
activation energy than the reactions involving dissociation of O,%8.
The single adsorbed O-atom left over from the reaction between O,
and CO will react with another CO following the last half of the other
route.

The energy diagram also reveals what could be an important clue
to understanding the ability of Au nanoparticles to act as a catalyst:
both O,, O, and CO bind to the surface of the cluster. This is in sharp
contrast to extended Au surfaces (see, for example, Fig. 1). It turns
out that a useful way of characterizing the difference between Au
nanoparticles and extended Au surfaces is by considering the metal
coordination number of the Au atoms to which the reactants (O,, O,
or CO) bond (Fig. 4). Au atoms on a close-packed surface have nine Au
neighbors, at steps on the surface the coordination number is seven,
but at the corners of a small particle it can be as low as three to four.
Fig. 4 shows that the binding energy decreases approximately linearly
with decreasing coordination number34.80,

Small particles have a relatively large number of low-coordinated
Au atoms, which are located at the edges and, in particular, at the
corners of particles. The simple analysis above indicates that these Au
atoms are able to bind CO and oxygen, which is a prerequisite for a
catalytic reaction. It is therefore conceivable that at these sites the CO
oxidation reaction is possible at room temperature — the barriers are
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Fig. 4 The correlation between the binding energies for O,, O, and CO on Au
and the coordination number of the Au atoms in different surfaces and clusters.
The binding energies are calculated using DFT and the experimental values are
from elsewhere34.102, The superscript TS denotes the transition state of the
reaction.

small and, importantly, the intermediates and CO, that are formed are
only weakly bound, so it is not necessary to have a high temperature to
keep parts of the surface free.

If the low-coordinated corner sites are the active sites, then the
catalytic activity should scale with the number of low-coordinated
atoms in the nanoparticles, and not with the surface area. Fig. 5 shows
a calculation of the fraction of atoms that are located at either corners,
edges, or on surfaces in the top half of a truncated octahedron as a
function of the particle diameter34. Clearly, the total number of surface
atoms changes only slightly when the particle size decreases from
10 nm to 2 nm. However, the fraction of corners increases significantly
when the particle size is less than 4 nm and scales approximately as d-3
as the diameter of the particles shrinks. The increase in the estimated
fraction of corner atoms behavior coincides with a generally observed
increase in CO oxidation activity with decreasing Au particle size
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Fig. 5 Calculated fractions of Au atoms at corners (red), edges (blue), and
crystal faces (green) in uniform nanoparticles consisting of the top half of a
truncated octahedron as a function of Au particle diameter. The insert shows
a truncated octahedron and the position of representative corner, edge, and
surface atoms. (Reproduced with permission from34. © 2007 Springer.)
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(Fig. 2). This supports the hypothesis that the total number of atoms
located at the corners of the nanoparticles has a major influence on the
activity of a supported Au catalyst.

Experimental observations

The simulation results showing that chemisorption strength increases
with decreasing coordination number is supported by a number of
recent experiments. Temperature-programmed desorption (TPD)

of CO on well-defined surfaces of Au and Au particles shows that
the desorption temperature increases with decreasing coordination
number34.77.95-97 This indicates that the chemisorption becomes
stronger, in agreement with simulations. In fact, the estimated
chemisorption energies are close to the values expected from
calculations, as indicated in Fig. 4.

Experiments show that low-coordinated sites on a densely packed
Au(111) surface produced by ion bombardment are also active for
CO oxidation®. Recently, Xu et al.99 have shown that unsupported
nanoporous Au is an active catalyst for CO oxidation. The nanoporous
Au catalyst, with pore sizes of less than 6 nm, is produced by etching
away Ag from an Ag/Au alloy. The results provide additional support
for the hypothesis that metallic Au is intrinsically catalytically active if
the coordination number of the Au atoms is sufficiently low.

Evidence for the scaling of the catalytic activity of Au nanoparticles
with the number of corner atoms has been provided by Overbury et
al.93. They evaluated the dimensionality of the dominating active site
by correlating the CO oxidation activity of a Au/TiO, catalyst with Au
particle size by combining extended X-ray absorption fine structure
(EXAFS) with in situ activity measurements. The particle size is varied
by heating samples of the catalyst to different temperatures. This is
done to eliminate possible variations in the preparation of different
batches of catalyst. Fig. 6 shows the correlation for 4.5 wt.% and
7.2 wt.% Au at 273 K. The slope of the lines through the data is —2.1
and 2.8, respectively. This indicates that the corners (slope: —3) and to
a lesser extent edge sites (slope: —2) are the dominating site for
7.2 wt.% whereas edges and to a lesser extent corners contribute to
the active site for 4.5 wt.%.

In studies by Janssens et al.3483.100, 3 geometric model for Au
particles on TiO,, MgAl,O,, and Al,O5 supports was constructed based
on scanning transmission electron microscopy (STEM) and EXAFS
measurements. This allows an accurate count of the corner atoms
in these supported catalysts. By comparing their catalytic activities,
it has been found that the turn over frequency per corner atom for
Au/TiO, and Au/MgAL,O, catalysts is the same, and any difference in
catalytic activity between these two materials can therefore be entirely
ascribed to differences in particle size and shape, which determine
the total number of low-coordinated corner atoms. The turn over
frequency per corner atom for Au/Al,O5 is about a factor of four lower,
which indicates an additional support effect in this case. This example
nicely illustrates that the catalytic activity of Au nanoparticles is not
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Fig. 6 Activity at 273 K as a function of Au particle diameter for two series

of Au/TiO; catalysts containing 4.5 wt.% and 7.2 wt.% Au, respectively.

The particle size has been varied by heat treatment at various temperatures
between 423 K and 773 K. The rate is expressed per total amount of Au. Best
power law fits to the data (excluding the two encircled points) are shown for
each catalyst. (Reproduced with permission from93. © 2006 Elsevier.)

the result of a single contribution, but the result of a combination of
different effects.

Conclusions

Nanoscale effects are found throughout heterogeneous catalysis, but
are perhaps best illustrated by the remarkable catalytic activity of Au
nanoparticles. We still do not understand in detail the many effects
that contribute to this activity, but in this review we have pointed to
one very important effect: the increased reactivity of low-coordinated
Au atoms. Such atoms are particularly abundant on the smallest
nanometer-sized nanoparticles, and this may go a long way toward
explaining the catalytic activity of such Au nanoparticles.

We are far from having explored all the possible applications of
Au catalysis, but the system is extremely interesting. One intriguing
property of Au nanoparticle catalysts is that they can catalyze several
reactions at or even below room temperature. This could give energy
savings in many catalytic processes, and provides an interesting
analogue to enzyme catalysis, which can also take place at room
temperature.

We also need to be able to synthesize Au nanoparticles in forms
that are stable over long time periods. Understanding the interaction
between Au particles and their support material is a key issue07,
Finally, the question arises as to whether there are other classes of
catalytic materials where nanoscale effects are as pronounced as for
Au. We clearly need more insight.
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The origin of the extraordinary catalytic activity of gold nanoparticles is discussed on the basis of density-functional
calculations, adsorption studies on single crystal surfaces, and activity measurements on well characterized supported gold
particles. A number of factors are identified contributing to the activity, and it is suggested that it is useful to consider low-
coordinated Au atoms as the active sites, for example, CO oxidation and that the effect of the support can be viewed as structural
and electronic promotion. We identify the adsorption energy of oxygen and the Au-support interface energy as important

parameters determining the catalytic activity.

KEY WORDS: Au; nanoparticles; catalytic activity; DFT; CO-oxidation; low-coordination sites; cluster.

1. Introduction

Gold catalysis has received considerable attention
since the discovery that nano-sized gold particles are
catalytically active [1-8]. The catalytic activity of small
gold particles is interesting, since low-index gold sur-
faces are known to be noble [9—11] and inactive towards
most molecules. The fundamental question is therefore
which size-related properties make the gold nanoparti-
cles catalytically active. Catalysis by gold is technically
interesting, since it opens up the possibility of develop-
ing catalysts with new and unique properties. Nano-
particles of gold can, for instance, catalyze CO
oxidation at room temperature and below, which is
significantly lower than the temperatures needed using
more traditional supported metal catalysts. Selective
and total oxidation reactions with hydrocarbons also
occur at low temperature on supported gold catalysts
[12-34]. This suggests that catalysis by gold nanoparti-
cles may lead to new types of catalysts working under
mild conditions—a phenomenon which is usually asso-
ciated with the catalytic processes found in nature,
where enzymes are able to catalyze even difficult reac-
tions at room temperature. Understanding gold catalysis
may therefore give us clues about how to mimic enzyme
catalysis.

The origin of the reactivity of gold nanoparticles has
been extensively debated in the literature, and a large
number of proposals have been put forward. The first
type of explanations associates the catalytic activity with
the nature of the gold atoms in the particles. Both theory
and experiments have pointed to the importance of low-

*To whom correspondence should be addressed.
E-mail: norskov@fysik.dtu.dk

coordinated Au atoms acting as active sites [35-47]. A
change in the electronic structure of gold, resulting in a
metal-insulator transition has also been invoked
[6,48-50]. Another type of explanation involves indirect
effects of the support; charge transfer to or from the
support [51-53] or support-induced strain [36]. A third
type of explanation involves the support directly. This
includes transfer of activated oxygen from the support
(i.e., reducible or irreducible support), or special active
sites at the metal/oxide boundary [8,54-64]. Finally,
there are a number of reports of catalysts consisting of
single or a few Au" ions in the support [27,65-81]. We
note that combinations of the above effects can come
into play; the gold-support interaction may for instance
determine the morphology of the gold particles and thus
influence the number of low-coordinated atoms or the
strain. Therefore, it is not surprising that the activity of
gold catalysts is often found to be influenced by the
method of preparation and activation of the catalyst
[82-85].

In the following we will develop a model for catalysis
by gold that can be used to understand a number of the
effects that have been observed. From the outset we will
distinguish between the catalytic effects originating from
metallic gold particles and those associated with Au™
dissolved in the support. Both types of Au catalysis exist
for different systems. We concentrate solely on the
particle size effects of metallic gold. We will show that
several of the explanations mentioned above contribute
to the activity of gold particles, and that they can be
ordered in a hierarchy according to their importance.
We propose that it is useful to first consider the effect of
low coordinated Au atoms acting as active sites. The
support also has an effect on the activity, and may

1022-5528/07/0600-0015/0 © 2007 Springer Science+Business Media, LLC
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therefore be viewed as a promoter, which both affects
the surface chemistry directly and acts as a structural
promoter determining the particle size and shape, and
hence, the number of low coordinated gold atoms.

2. The reactivity of gold

Most molecules adsorb only weakly on gold surfaces
at room temperature, and dissociative chemisorption of
simple molecules such as O, is thermodynamically pro-
hibited. To exemplify this, figure 1 shows the calculated
dissociative chemisorption energy of oxygen on a num-
ber of stepped metal surfaces relative to a free oxygen
molecule [86]. Of all the metals considered, Au has the
weakest bond to atomic oxygen, and is the only metal
where the O, dissociation is endothermic on the stepped
(211) surface. This is in excellent agreement with the
experimental observation that molecular oxygen does
not produce oxygen adatoms even on a stepped Au(211)
surface at 700 Torr at 300450 K [87].

There are two effects that cause the weak bonding of
oxygen on Au. The first effect is related to the energy of
the orbitals involved in the oxygen—metal bond forma-
tion, viz., the metal-d band and the 2p valence level of
oxygen. The bond strength is predominantly determined
by the filling of the metal-d/2p antibonding orbitals. If
the d-band energy is close to the Fermi energy, which is
the case for example, Fe and Ru, the antibonding states
lic well above the Fermi-level and are therefore mostly
empty. This results in a strong oxygen-metal bonding
[11,88]. For the elements further to the right in the
periodic table, the d-bands are lower in energy, and the
metal-d/2p antibonding orbitals move down in energy
towards the Fermi level, causing a higher occupation of
the antibonding levels. The result is a weaker oxygen
binding. For Cu, Ag, and Au, the d-band has moved to
such a low energy, that the metal-d/2p antibonding
states are essentially filled, and hence these metals have
the lowest binding energy for oxygen in each transition
metal row. The other effect is the Pauli repulsion
between the O valence states and the metal d states; for
the noble metals this effect dominates. Since the 5d

Fe | Co Ni Cu

-6.30 -5.07 -3.90 -2.51

Mo Ru | Rh | Pd | Ag
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Figure 1. Calculated dissociative chemisorption energies for oxygen
on transition metal surfaces with respect to the molecule in vacuum.
All results are for adsorption at stepped bce(210) (Fe, Mo, W) and
fce(211) (other metals) surfaces [86].

states are more extended than the 4d states and the 3d
states, the Pauli repulsion is largest here and there is a
weakening of the bond when going down in the periodic
table from Cu to Au. Both bond-weakening effects are
most pronounced in the case of Au, which explains the
unique nobleness of Au towards oxygen [11,36].

In spite of the inert character of Au, supported gold
catalysts have been shown to be active for several
reactions. The most studied reaction is CO oxidation.
For this reaction, the general trend is that supported
gold catalysts, which exhibit significant catalytic activ-
ity, always contain gold particles with a diameter less
than approximately 5-6 nm, as Haruta et al. pointed out
already in an early publication [5]. This is illustrated in
figure 2, showing a compilation of literature data from
the past 10 years for CO oxidation activities at 273 K as
a function of the Au particle diameter for different Au
catalysts [13,22,43,47,54,55,89-94]. The strong depen-
dence of the activity on the Au particle size is obvious. If
we look at only the data with a TiO, substrate it is seen
that the activity of e.g., 2 nm and 20 nm clusters differs
by a factor of more than 100. The differences between
particles of the same size for different supports are at
least an order of magnitude smaller; typically they differ
by a factor of 2-3 [43]. We also note that the results do
not depend strongly on whether the support is reducible
or not. This is clear experimental evidence that the gold
particle size is an important parameter for the catalytic
activity of supported catalysts. In order to gain some
insight into the reason for this particle size effect, we
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Figure 2. Reported catalytic activities (in mmol/ga, s, left axis) for
CO oxidation at 273 K over different Au-based catalysts as a function
of the Au particle size (d, in nm) [13,22,43,47,54,55,89-94]. The
different supports are indicated by the symbol shape, open symbols
correspond to reducible supports, closed symbols to irreducible
supports. The solid curve shows the calculated fraction of atoms
(right axis) located at the corners of the nanoparticles as a function of
particle diameter for uniform particles shaped as the top half of a
regular cuboctahedron (see also Figure 8). The arrows point to the
measured activities in ref. [47]. Updated from ref. [43].
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turn to some simple density functional theory calcula-
tions designed to elucidate the origin of the catalytic
activity of small gold particles.

3. Catalytic activity of Au clusters: a simple DFT model

To investigate the reactivity of the gold clusters by
DFT calculations, the CO oxidation reaction is used as a
test reaction. We consider a gold nanoparticle with 10
atoms, first as a free particle without support, and later
with a support included. The calculations serve to show
how small particles can be catalytically active, and by
comparing the results to those for extended surfaces, we
can understand in more general terms what character-
izes the active sites of the Au nanoparticles. The 10 atom
cluster used here has a diameter of ~0.7 nm, which is at
the low end of the clusters studied experimentally. It is
mainly chosen to illustrate the effects, and not as a
realistic model of the active catalysts.

Figure 3 [37] shows the calculated energy diagram for
the two possible reaction mechanisms for CO oxidation;
one where the O, is dissociated prior to reaction with
CO and one where molecular O, reacts directly with CO
on the surface. The calculation is made on an Auy,
cluster identical to the one in ref. [37] to illustrate an Au
cluster bound to a support. The bottom layers are
restricted not to move perpendicular to the layers to
mimic the adhesion to the substrate. This is an extremely
simple model and a slightly more realistic one will be

2 ]

Energy [eV]

-

Figure 3. Calculated reaction energies for CO oxidation on an Aujq
custer (shown in inset). The bottom of the cluster is kept fixed in the
direction perpendicular to the support. Both a path involving
dissociation of O, and one where molecular O, reacts directly with
CO are shown.

discussed later. We find in agreement with ref. [37] that
both O, and CO adsorb readily on the Auy, cluster. The
reaction of adsorbed O, and CO to form CO, and the
subsequent reaction of adsorbed O with another CO
molecule have low barriers [37]. The alternative process
where O, dissociates directly we find to have a sizable
barrier—more than 1 eV in agreement with [56]. This
result is different from that in ref. [37], and we suggest
that the barrier reported in ref. [37] is flawed by having
too few images included in the Nudged Elastic Band
calculation of the reaction path.

These results clearly indicate that CO oxidation
should be possible at room temperature at the surface of
a Aujg cluster. Both O,, O, and CO bind to the surface
in sharp contrast to the endothermic adsorption energy
on the Au(211) surface, see e.g., figure 1. This is the first
clue why the surface of a nano-sized Au cluster is
chemically very different from close-packed or stepped
surfaces.

Next, figure 4 shows the results of the calculations for
the O, mechanism for a Auy, cluster that is anchored to
a rutile TiO»(110) support. The titania surface to which
the Au cluster binds has three oxygen vacancies [95,96].
This model is chosen on the basis of detailed STM
experiments and calculations, which show that Au
clusters bind to TiO,(110) through oxygen vacancies,
and that about one vacancy per three Au atoms is
required to make the cluster stable [95,97]. In this case
the Au/TiO; cluster has been allowed to relax freely, and
the structure it assumes is quite different from the model
used in figure 3.

Two different reaction paths are investigated in fig-
ure 4: one path in which the reaction only takes place on
the Au cluster (shown in pathl), and another path where
the substrate takes part in the reaction (shown in path2).
The energy barriers along the two paths are shown in
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Figure 4. Relaxed geometries of the initial, transition, and final states
for CO oxidation on a Aujq cluster supported on a TiO,(110) surface.
Path 1: CO oxidation takes place on the Au particle, without direct
influence of the support. Path 2: CO oxidation takes place at the Au—
TiO, interface, and involves direct interaction with the support. From
ref. [96].

path 1




18 T.V.W. Janssens et al./Insights into the reactivity of supported Au nanoparticles

0.0
1.0 |
S 20
e
oo
g 30 F B _
& — supported, pathl —
40 b |— supported, path2 \=
— unsupported
-5.0 5 m
)Or 402 Sl wxO"
O™ 0™ o corr

Figure 5. Energy profiles for CO oxidation on a Auy, cluster. Blue
line: Auq supported on TiO,(110), CO oxidation takes place at the
Au/TiO2 interface (path a); black line: Au;y supported on TiO,(110),
CO oxidation takes place solely on the Au particle (path b); red line:
unsupported cluster with the bottom three atoms kept fixed at the
positions as they would be if the oxide were present.

figure 5, where they are compared to the energy barriers
of the reaction on an unsupported Au,, cluster of the
same structure [95,96]. The results in figure 5 show that
the effect of the support on the activation barriers is
quite small. Adding the support, however, results in
stronger bonding of O,, as shown by Hammer et al. and
Hu et al. [57-59,98]. It should be noted that the results
of Hammer at al. and Hu et al. [57-59,98] also involve
low coordinated atoms, but due to constraints of the
models used in their studies, only edges are involved.
The very low barriers in figure 5 clearly involve
corner atoms with even lower coordination numbers.
We note that the activation barrier found in figure 5 for
CO oxidation (ca. 0.5 ¢V) is consistent with the range
(0.1-0.4 eV) measured experimentally [5,22,54,55,89,90,
93,99].

4. The importance of the Au coordination number

The simple model calculations described above point
to corner atoms of the Au,g cluster as the active sites for
0O, and CO bonding and for the CO oxidation process.
In this section we will show that this can be viewed as a
general effect of low-coordinated metal atoms, and in
the next section we will show that this can explain semi-
quantitatively the experimentally observed variation of
catalytic activity with particle size.

Figure 6 shows that there is a clear relation between
the adsorption energy of CO and oxygen and the
coordination number of the Au atoms to which these
molecules are attached: The lower the coordination
number, the stronger the bond. The plot includes cal-
culated values for the Auyy cluster and for different
extended surfaces. This dependence points to the coor-
dination number of the Au atoms as an important
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Figure 6. The correlation between the binding energies for CO, O,
and O atoms on Au and the coordination number of the Au atoms in a
series of environments. The binding energies (eV) are referred to gas-
phase CO and O,, the values for atomic oxygen adsorption are given
per O atom (half the value of figure 1). Since O, absorbs on Au(211) in
a metastable state this value is only tentative. The solid blue dots
indicate experimentally determined values for the CO adsorption
energy on steps, edges, and the Au(110)-(1x2) surface. These values
are determined from CO TPD on the Au(211), Au(332), and Au(110)-
(1x2) single crystal surfaces and from Au nanoparticles supported on
flat Al,O5 or FeO [39,102-104] assuming a pre-exponential factor of
10'3. the error bars indicate the energy range obtained with a pre-
exponential factor between 10'" and 10'° (see figure 7).

parameter. The figure only includes adsorption energies,
but the same trend is often observed for the transition
state energies [100].

It is important to note the magnitude of the coordi-
nation number effects. For the O—-Au and O,—Au bond
the variation in bond energy from high to low coordi-
nated atoms is of the order of 1 eV and for CO the effect
is only a little smaller. This is a significantly larger effect
than e.g., the effect of the interaction with the support as
seen in figure 5.

The coordination number effect on the adsorption
energies can be related to changes in the surface elec-
tronic structure [42]. The low coordinated Au atoms
have high lying metal d states, which are in a better
position to interact with the adsorbate valence state than
the low lying states of the high coordination number
states of the close packed surface. We note that this is an
effect that is not restricted to Au catalysis. Low coor-
dinated transition metal atoms on surfaces are generally
found to have higher lying d states and to be more
reactive than highly coordinated metal atoms [11,101].

The trend that the CO adsorption strength on Au
surfaces increases with decreasing coordination number
is also reflected in temperature-programmed desorption
of CO (CO-TPD) on Au single crystal surfaces and well-
defined nanoparticles. Figure 7 shows an overview of
TPD traces of CO adsorbed on the Au(211) [102] and
Au(332) [103] surfaces, a sputtered and annealed
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Figure 7. Temperature programmed desorption of CO on Au(211)
[102], Au(332) [103], sputtered and annealed Au(110)-(1x2) [104], and
Au nanoparticles on a flat Al,0; and FeO surface [39]. Each trace has
an arbitrary scaling, and does not reflect the absolute amounts of CO
in the different systems, only relative intensities within a single curve
can be used.

Au(110)-(1x2) surface [104], and Au nanoparticles on
Au/FeO and Au/Al,O; [39]. A consistent interpretation
of these results is that the desorption around 170-190 K
corresponds to CO adsorbed on defect sites or corner
sites, the desorption around 150 K corresponds to CO
adsorption on the Au(110)-(1x2) surface, and the
desorption around 110-130 K is due to CO adsorbed on
edges of the nanoparticles, or step sites on the single
crystal surfaces. The assignment of the feature around
170-200 K to defect sites is confirmed by the fact that it
disappears upon annealing the sputtered Au(110)-(1x2)
surface. An assignment of the two desorption peaks in
CO-TPD from the Au(211) and Au(332) surfaces to
desorption from step sites (~190 K) and terraces
(~130 K) seems unlikely, since the relative intensities of
the two signals is about the same for both surfaces,
despite the fact that the Au(332) surface contains about
twice as much terrace sites compared the Au(211) sur-
face. The higher edge/corner ratio on the Au/FeO sys-
tem reflects the larger particle size on Au/FeO (5.0 nm)
compared to the Au/Al,O; system (2.5 nm), as deter-
mined by STM [39]. The estimated CO adsorption
energies, derived from the observed desorption temper-
ature ranges, using the rate equation for first order
desorption and assuming a pre-exponential factor
between 10'" and 10" s, are 0.24-0.39 eV for the edge/
step sites (CN = 7), 0.34-0.45eV for the Au

(110)-(1x2) surface—in excellent agreement with the
energy range reported by Meier et al. [105]—and 0.38—
0.58 eV for the Au corner and defect sites (CN<6).
These values are also indicated in figure 6, and lends
support to the calculated trends in interaction energies.

There is additional experimental evidence that sup-
ports the notion that low-coordinated Au atoms on
metal surfaces are chemically active. Infrared studies of
adsorbed CO on Au particles indicate that adsorption of
CO is not sensitive for particle size or thickness, except
for very thin particles, which is an expected behavior if
the Au—Au coordination number controls the adsorp-
tion [42]. Oxygen-sputtering of Au(111) results in an
enhanced SO, uptake [45]. Finally, atomic oxygen
deposited by exposure to an oxygen plasma jet or by
electron-induced dissociation of NO, on a Au(lll)
surface causes a surface roughening, and the sticking
and dissociation probability of O, increases by more
than 1000 times [46,106,107].

5. Low coordinated Au atoms in supported Au catalysts

In supported Au particles, the atoms in the surface of
the (111) and (100) crystal faces, at the edges, at the
corners, and the atoms at the contact perimeter between
the support and Au particle are in principle accessible
for CO and oxygen, and are therefore possible active
sites. The results of the DFT calculations indicate that
the low coordinated Au atoms are important for the
activity of Au nanoparticles. Obviously, the abundance
of these sites in a supported catalyst depends on the
diameter and the shape of the Au particles. In the fol-
lowing we show how the relative number of low coor-
dinated atoms varies with particle size, first using simple
models and subsequently by explicitly counting the
number of low coordinated atoms for well characterized
supported Au catalysts.

Figure 8 shows the fraction of the Au atoms that are
present in the crystal faces, at the edges, and at the
corners of the Au particles for particle diameters
between 1 nm and 9 nm for Au particles shaped as the
top half of a truncated octahedron. The details are given
in the supporting material of ref. [108]. From this figure,
it is seen that in the size range 2—5 nm the number of
surface atoms is almost constant, while the number of
edge and corner atoms increases substantially. The cal-
culated number of corner atoms is shown as the solid
line in figure 2, and it is clearly seen that the increase in
the number of corner atoms correlates very well with the
increase of the measured CO oxidation activity of Au
catalysts with decreasing Au particle size observed for
supported catalysts in general. This implies that the
observed general trend for the catalytic activity of sup-
ported Au catalysts can be explained by the expected
amounts of Au corner atoms at the different Au particle
sizes.
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Figure 8. Calculated fractions of Au atoms at corners, edges, and
crystal faces in uniform nanoparticles consisting of the top half of a
truncated octahedron as a function of the Au particle diameter.

This conclusion is in excellent agreement with the
results obtained from DFT calculations, which show
that adsorption of CO or oxygen does not occur on Au
atoms with a coordination number larger than 7. This
means that that adsorption of CO or oxygen on the
(111) and (100) planes of Au, represented in figure 2 as
surface atoms (CN = 8 or 9) does not occur. For Au
atoms with a lower coordination number, i.e., edges
(CN = 7), or corners (CN = 5 or 6) adsorption of CO
and oxygen becomes feasible, and therefore these sites
can be catalytically active. The fact that the variation in
the CO oxidation activity with size corresponds with the
estimated number of corner atoms, is an indication that
the contribution of the corner atoms dominates.

From a geometric consideration, it can be derived
that the dependence of the catalytic activity on the
particle diameter is determined by the dimensionality of
the active site. For particles with a given shape, the
number of corner atoms per gold particle is independent
of the particle diameter, d. This means that the catalytic
activity becomes proportional to the number of Au
particles in the supported catalyst. For a given amount
of Au, the number of particles is proportional to 1/d°,
and consequently, the catalytic activity (expressed per
gram or mol Au) is expected to be proportional to 1/d°,
if the reaction occurs at the Au corner atoms. Similarly,
the activity becomes proportional to 1/d” if the reaction
occurs on the edges or contact perimeter of the Au
particles, and proportional to 1/d if the reaction occurs
on the (111) and (100) crystal faces. The general
expression is a power law in the form of roc @™, where
n is the dimension of the active site: 0 for points (cor-
ners), 1 for edge or perimeter, and 2 for the crystal faces.

By evaluation of n, the dimensionality of the (domi-
nating) active site is obtained, and thus it can be deter-
mined whether the reaction takes place at the corners,
edges or perimeters, or crystal faces of the Au particles.
Overbury et al. applied this approach in a recent study

of Au/TiO, catalysts (4.5 and 7.2 wt%), using EXAFS
combined with CO oxidation activity measurements
[94]. In these experiments, the particle size was varied by
applying different annealing procedures. The particle
size was then derived from the Au-Au coordination
number determined by EXAFS. These results are rep-
resented in figure 9, showing the logarithm of the mea-
sured activities as a function of the logarithm of the Au
particle size. From the slope in these graphs, it is found
that the rate varies with d =2 to d™>* for the catalyst with
a 4.5 wt% Au loading, and d=*° to d=** for the catalyst
with a 7.2 wt% loading. The corresponding dimen-
sionality of the active sites in the 4.5 wt% Au/TiO,
catalyst is 0.6—1, which would correspond to a contri-
bution of both corners and edges. The dimensionality in
the 7.2wt% Au/TiO, catalyst is 0, which points to cor-
ner atoms as the active sites. These experimental results
obtained from supported Au catalysts are in good
agreement with the conclusion that low-coordinated Au
atoms are required for catalytic activity [43].

The power law relation between catalytic activity and
Au particle diameter presented above is quite easy to
apply, but it represents a simple model that cannot
account for particle size distributions and differences in
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Figure 9. Activity at 298 K (bottom) and at 273 K (top) as a function
of the Au particle diameter for two series of Au/TiO, catalysts,
containing 4.5 and 7.2 wt% Au., respectively. The particle size has
been varied by heat treatment at various temperatures between 423
and 773 K. The rate is expressed per total amount of Au. Best power
law fits to the data (excluding the two encircled points) are shown for
each catalyst. Reproduced from ref. [94].
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particle shape. Recently, a more advanced model was
developed, that is capable of handling particle size dis-
tributions and variations in Au particle shape. In this
model, which is based on measurements of the sizes and
volumes of the individual Au particles by High Angle
Annular Dark Field-Scanning Transmission Electron
Microscopy (HAADF-STEM) [108], the Au particle
geometry in a supported gold catalyst is described as the
top slice of a truncated octahedron, a geometry that is
consistent with an fcc crystal structure [109]. The num-
ber of atoms at the edges of the truncated octahedron
(m) and the particle thickness (/) can be varied inde-
pendently of each other, and the complete geometric
model of the supported Au particles then consists of a
two-dimensional distribution function with m and / as
parameters. An example of such a distribution is given
in figure 10, which shows the distribution of Au particle
size and shape in a supported Au/TiO, catalyst [108].
The local environment of each Au atom is known in
these geometric models, and the number of Au atoms in
specific locations, e.g., corners, edges, contact perimeter,
crystal faces, is readily estimated. Using this method to
count atoms in different configurations, it is possible to
relate the knowledge on the atomic scale obtained from
surface science studies and DFT calculations to the
measured activity of supported Au catalysts.

By combining the analysis of the Au particle geom-
etry with activity measurements, the turn-over frequency
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Figure 10. Example of a two-dimensional particle geometry distribu-
tion for a Au/TiO, catalyst containing 4.4 wt% Au after heating to
400 °C for 1 h and approximately 15 h on stream at 273 K in an
atmosphere of 1% CO/21% O, in Ar. The particle geometry is
determined from a HAADF-STEM characterization of the catalyst
after reaction. The area of the circles indicates the fraction of the Au
particles with the indicated edge length (horizontal axis) and number
of layers (vertical axis). The two most abundant geometries are drawn
as examples of the general Au particle geometry in the geometric
model. Data from ref. [108].
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Figure 11. Au-L; XANES edge for a 4.4 wt% Au/TiO,, 4.1 wt% Au/
MgAl,O4, and a 4.0 wt% Au/AlL,Oj; catalyst during reaction at room
temperature in 1% CO/21% O, in Ar, after 1 h heating at 400 °C in
the same gas mixture. The XANES edges for Au,O; and Au foil
(dashed lines) are given as a reference. The data indicate that all the Au
in the catalysts is in the metallic state.

at specific sites, e.g., corners, can be calculated. This has
been done for a supported Au/TiO,, Au/MgAl,O4 and a
Au/Al,Oj3 catalyst, all containing approximately 4 wt%
Au [47]. The activity of these three catalysts was mea-
sured at 273 K and 1 atm, using a feed of 1% CO and
21% O, in Ar, after annealing the freshly prepared
catalysts for 1 h at 400 °C in the same gas mixture.
Figure 11 shows the Au-L; X-ray absorption edges
(XANES) for these catalysts after this heat treatment,
together with the corresponding edges for Au,O; and
Au-foil as a reference. This clearly shows that all Au in
these supported catalysts is present as metallic Au, and
the catalytic activity of these catalysts must therefore be
ascribed to metallic Au.

Figure 12 shows the measured activities of these
catalysts as a function of the time on stream; ¢t = 0 is
defined as the time at which the reactor temperature
reached 273 K after the heat treatment [47]. The Au/
MgAl,O4 and Au/Al,Oj3 catalysts reach the steady state
rather quickly, while the Au/TiO, shows a slower
deactivation. After 10-15h on stream, all catalysts
reached a rather constant activity. The activities of the
Au/TiO,, Au/MgAl,O4 and Au/Al,O3 catalysts in this
study are 8.8 mmol/g. s, 4.8 mmol/g. s, and
4.2 mmol/g.,, s, respectively [47]. These final activities
are indicated by the arrows in figure 2, and it can be seen
that the values are consistent with the general trend for
the CO oxidation activity for Au catalysts. By combin-
ing the activity data and the geometric models for these
catalysts, the turn over frequency per Au corner atom
becomes 0.8 s™' for both the Au/TiO, and the Au/
MgAl,Oy4 catalysts, and 0.2 s™! for the Au/Al,O; cata-
lyst. This result shows that the different activity of the
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Figure 12. CO oxidation activity of a 4.4 wt% Au/TiO,, 4.1 wt% Au/
MgAl,O4, and a 4.0 wt% Au/ALO; catalyst during reaction at 273 K
in 1% CO/21% O, in Ar during the first 10-15 h of operation. The
inset shows an enlargement of the final part, indicating that the Au/
TiO, catalyst is about twice as active as the Au/MgAl,Oy4, and Au/
Al,O5 catalysts. From ref. [47].

Au/TiO, and the Au/MgAl,O, catalysts can be entirely
explained by the different amount of corner-Au atoms in
these catalysts, despite the fact that TiO, is a reducible
support and the MgAl,O4 support is not. The turn over
frequency for Au/Al,O3 is approximately 4 times lower.
We note that the Au particles on Al,O3 have a very
different shape, being much flatter and this may result in
a different support effect in this case. This is unresolved
at the present.

It is important to note that by ascribing the depen-
dence of the catalytic activity on the Au particle size to a
higher density of active sites (corner atoms), the turn-
over frequency (per corner atom) does not depend on the
particle size; it is the same in both small and large par-
ticles. This is fundamentally different from the quantum-
size effect [6,7,22,48], which ascribes the activity of small
Au particles to a particle-size dependent turn over fre-
quency, arising from changes in electronic structure as
the particle size decreases. Though quantum-size effects
are definitely important for very small particles, con-
taining only a few atoms [110-112], they seem not to be
necessary to explain the catalytic effect for supported Au
particles on Au/TiO, and Au/MgAl,O, larger than
about 1.5 nm.

A consequence of the requirement for low-coordi-
nated Au atoms is that large particles can be catalyti-
cally active as well, with essentially the same turn over
frequency per active site as small particles. To obtain a
measurable activity, a sufficient amount of Au atoms
with a low coordination number must be available. This
is often not the case in supported catalysts containing a
few large particles and no small particles (see figure 8).
By applying surface sensitive techniques on single crystal
surfaces or flat model systems, it has been shown that
continuous Au surfaces are capable of adsorbing CO or

atomic oxygen, and can be active catalysts for CO oxi-
dation provided that low coordinated Au atoms are
present on the surface. Adsorption of CO takes place on
the stepped Au(211), Au(322), and the Au(110)-(1x2)
reconstructed Au single crystal surfaces [102—104,113],
or a Au tip in field emission microscopy [114], while the
Au(111) or Au(100) surfaces are inert. Likewise, CO
oxidation has been shown on the Au(110)-(1x2) surface
or an unannealed continuous film of Au on TiO,
[115,116]. In conclusion, the Au—Au coordination
number is the critical parameter to obtain catalytically
active Au particles, rather than the particle size itself. In
supported high-surface area catalysts, however, small
particles are generally required to obtain a large amount
of low-coordinated Au atoms.

6. Influence of the support

Many of the factors that influence the performance
of supported Au catalysts are in some way connected
to the support. The result that the turn over fre-
quencies for the Au/TiO, and Au/MgAl,O4 supported
catalysts are the same (per corner atom) indicates that
the support does not affect the turn over frequency in
these cases, or that the two different supports affect
the turn over frequency in the same way. The two
supported catalysts do not have the same overall
activity, so there is a clear indirect influence of the
support in these catalysts: The support determines the
size and shape of the Au particles, and consequently
the amount of low-coordinated Au atoms. This type
of indirect support effect has been proposed earlier
[44,97,117,118] and implies that the Au/support
interface energy is an important parameter that
determines the final shape and size of the Au particles
[119,120]. The interaction between the Au particles
and the AlL,O; support is significantly stronger com-
pared to the TiO, and MgAl,O4-supports [108], and it
can be speculated if this is related to the observed
lower turn over frequency per corner atom for Au/
Al,O3 [47,108]. For Au/TiO,, it has been shown that
Au exclusively binds on the oxygen vacancies in the
TiO, surface, and that the interface energy depends on
the number of oxygen vacancies under the Au particle
[97]. As a consequence, for the Au/TiO, catalysts, the
final shape of the Au particles depends on the defect
density in the support.

Another support effect that has been discussed
intensively is support-mediated oxygen transport. In this
model, oxygen is released from the oxidic support,
which diffuses over the support surface to the edges of
the Au particles, where the CO oxidation reaction takes
place. According to this model, application of reducible
oxides results in more active catalysts. However, the
similar turn over frequency found for the Au/TiO, and
Au/MgAl,O, catalysts implies that such a support
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mediated oxygen transport does not take place on the
Au/TiO, catalyst: Since the MgAl,O4 support is not
reducible, support mediated oxygen transport is not
possible, and the similar turn over frequency for the Au/
TiO, and Au/MgAl,O4 supports indicate that the
influence of the support on the turn over frequency is the
same for these catalysts. Likewise, the lower turn over
frequency for the Au/Al,O; catalyst is not the conse-
quence of lack of surface mediated oxygen transport,
since both the MgAl,O4 and Al,O3 supports are irre-
ducible. Therefore, support mediated oxygen transport
does not seem to play an important role in the Au/TiO,,
Au/MgAl,0O4 and Au/Al,Oj3 catalysts.

The absence of surface mediated oxygen transport in
Au catalyzed CO oxidation is corroborated by isotope
labeling studies of the CO oxidation reaction on Au/
TiO, and Au/Al,Os3, which show that the CO, does not
contain oxygen originating from the support [121].
Furthermore, the activities of a Au/TiO,, Au/Al,O;,
Au/ZnO, and Au/ZrO,, catalysts do not follow the
trend expected from the reducibility of the support
[35,118,122]. A recent report of an active and stable
LaPO,  supported Au catalyst proves that non-oxidic
supports can also be used [123], which further supports
the idea that support-mediated oxygen transport does
not necessarily contribute to the CO oxidation activity
of Au catalysts.

Even if the support does not supply the oxygen for
the CO oxidation reaction, it may still play a role in the
binding of oxygen on the supported Au catalyst as dis-
cussed above. The energy diagram shown in figure 5 for
instance shows that in the support-mediated reaction
path, the oxygen binding is stronger [95,96], while the
activation energy for CO oxidation is about the same as
for the metal-only reaction pathway. The stronger
binding of the oxygen may have a positive effect on the
catalytic activity, as first proposed by Molina and
Hammer [57,58,61]. The extra bonding at the gold-oxide
interface can be viewed as a promotion of the oxygen
adsorption much like the promotion of N, adsorption
by alkali metals in ammonia synthesis catalysts
[124—127]. Similar effects can be obtained by addition of
other promoting metal oxides [19,20,31,128,129].

7. Conclusions

The general trend that the activity of supported Au
catalysts increases with decreasing Au particle size can
be related to the number of low coordinated Au atoms
present in the Au particles. Density functional (DFT)
calculations of adsorption of CO and oxygen on Au
show that adsorption on the densely packed surfaces is
generally difficult or thermodynamically not possible,
while adsorption becomes feasible on Au atoms with a
lower coordination number. The effect of the Au coor-
dination number on the adsorption strength of CO and

oxygen is larger than other electronic effects, or strain,
and is therefore a crucial parameter for the catalytic
activity of Au.

The adsorption energies estimated from temperature
programmed desorption of CO on Au(332), Au(211),
Au(110)-(1x2) surfaces, and Au nanoparticles are consis-
tent with the expected values from Au coordination number
in these systems, thus supporting the calculated relation
between coordination number and adsorption energy.

In supported Au catalysts, the most reactive low-
coordinated Au atoms are the ones located on the cor-
ners of the Au particles. The estimated amount of corner
atoms from a simple particle model consisting of uni-
form particles with a truncated-octahedral geometry
follows closely the observed general trend of increasing
CO oxidation activity with decreasing particle size. This
is the first indication that the activity of Au particles is
largely determined by the number of low coordinated
Au atoms. More detailed studies of the relation between
Au particle structure and catalytic activity for supported
Au/TiO,, Au/MgAl,O,, also point to a proportional
relationship between the activity and amount of corner
atoms in these catalysts.

The activity of Au/Al,O5 is lower than expected. A
possible explanation is that the support effect in Au/
Al,Oj is different compared to the TiO, and MgAl,Oy4
supports. The nature of this different support effect is
unknown at the moment. A direct oxygen supply from
the support, however, can be ruled out for Au/TiO,, Au/
MgAl,0,4, and Au/Al,O5 catalysts. Since adsorption and
activation of oxygen on metallic Au is difficult, it seems
likely that these support effects are related to binding of
oxygen on the catalyst.

The interface energy between Au and the different
supports plays a crucial role in determining the struc-
tural and chemical properties of the catalysts. During
the synthesis of the catalysts, the properties of the sup-
port surface (i.e., quality and number of nucleation sites)
influence the size, dispersion and morphology of the Au
nanoparticles, and thereby the concentration of active,
low coordinated sites. During catalytic operation the
interface energy has a significant influence on the sta-
bility of the particles. Sintering of the nanoparticles can
probably be partly suppressed by having a large inter-
face energy present.

The fact that supported Au catalysts are active for a
number of catalytic reactions at significant lower tem-
peratures than more traditional catalysts makes them
interesting for many technical applications. The lower
reaction temperature will result in significant savings in
both capital and operational costs and has the potential
of increasing the seclectivity of the various catalytic
reactions making the reactions ‘‘cleaner”. In specific
applications, such as exhaust and air cleaning and clean-
up of hydrogen streams to low temperature PEM fuel
cells, low reaction temperatures are a must and the Au
catalysts may have a future in these technologies. Also
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in neighboring fields, like electrocatalysis and sensor
technology, technological applications of nanoparticles
of Au may be realized.

Understanding the catalytic behavior of nanosized
gold particles represents a very interesting challenge to
our general understanding of heterogeneous catalysis.
We have pointed to several factors which may contrib-
ute: the presence of low-coordinated Au atoms and
promotion effects at the gold-support interface, but
more work is clearly needed to unravel, in particular, the
effects of the support.
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