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Abstract
Following our investigation of molecular NO adsorption (Gajdos et al 2006
J. Phys.: Condens. Matter 18 13), the dissociation of NO molecules on the
close-packed surfaces of late transition (Co, Ni, Ru, Rh, Pd, Ir, Pt) and
noble (Cu, Ag, Au) metals has been studied using first-principles density
functional calculations. The nudged-elastic-band method has been used
for the determination of the transition states. Our results demonstrate that
the transition-state energies show a linear dependence on the dissociative
chemisorption energies according to the Brønsted–Evans–Polanyi rule. The
validity of this linear relationship is shown to arise from the geometrical
similarity of the transition states on all metals, which are very close to the
final state geometries.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The interaction of diatomic molecules (CO, N2, NO, H2, O2, . . .) with transition and noble
metals is a particularly interesting area of surface science and catalysis. The adsorbate–surface
interaction can lead to the breaking and making of chemical bonds and trigger important
surface catalysed reactions. In particular, the decomposition of NO in conventional automotive
catalytic converters is an important technological problem. A good exhaust catalyst should
favour dissociation of NO leading to the recombination of atomic nitrogen to N2, followed
by desorption. At the same time adsorption of CO should be non-dissociative and facilitate
oxidation of adsorbed CO to CO2. According to the results compiled by Broden et al [1]
(see also Brown and King [2]), for CO the dividing line between dissociative and molecular
adsorption passes between Fe/Co, Tc/Ru and W/Re, while for NO it is shifted to the right:
a clear preference for molecular adsorption has been found only on Pd and Pt, while for

0953-8984/06/010041+14$30.00 © 2006 IOP Publishing Ltd Printed in the UK 41

http://dx.doi.org/10.1088/0953-8984/18/1/003
mailto:Marek.Gajdos@univie.ac.at
mailto:Juergen.Hafner@univie.ac.at
http://stacks.iop.org/JPhysCM/18/41


42 M Gajdoš et al

Ni and Ir coexistence of molecular and dissociative adsorption has been reported. It is now
generally accepted [3, 4] that the NO reduction process on late transition metals consists of the
following steps: (1) NO dissociation (NO −→ N + O); (2) N2 formation (N + N −→ N2); (3)
O removal, e.g. reduction by CO (CO + O −→ CO2) or NO (NO + O −→ NO2); (4) formation
of other by-products such as N2O. The rate-controlling step is the dissociation of NO. Practical
catalysts contain Pt and Rh; their activity can be explained by low barriers for NO dissociation,
while the barriers for CO dissociation are high enough to favour molecular adsorption.

In two recent papers (Gajdos et al [5] and the preceding paper in this volume [6]) we have
used ab initio density-functional calculations to study the molecular adsorption of CO and NO
on the close-packed surfaces ((111) on face-centred cubic, (0001) on hexagonal-close-packed
structures) of late transition metals (Co, Ni, Ru, Rh, Pd, Ir, Pt) and noble metals (Cu, Ag,
Au). A comprehensive investigation of the adsorption of these two important molecules on
a series of substrates allows us to identify the important trends in the adsorption energies,
geometries, and vibrational properties of the adsorbate–substrate complex and leads to a better
understanding of the differences in the adsorption behaviour of CO and NO. In the present
work we extend these investigations to the dissociation of NO.

To date ab initio density-functional techniques have been applied to study NO dissociation
on a number of clean metal surfaces: Pd and Rh surfaces by Loffreda et al [7]; Rh, Pd, and
Ru surfaces by Hammer et al [8–11]; on Pt by Eichler and Hafner [12, 13]; on Ir and Pt
surfaces by Liu et al [14, 15]. In the work of Eichler and Hafner, the investigations have been
extended to cover the NO + CO redox reaction [12, 13]; Liu et al [14, 15] have considered
the selective oxidation of NO under excess oxygen. The comparison of NO dissociation with
dissociation reactions of CO and N2 suggests that these dissociation reactions possess some
common features: (1) the transition state for these dissociation reactions belongs to the late
transition states, i.e. the reaction barrier is largely determined by the adsorption energy of the
products. This was found not only in the studies of NO dissociation cited above, but also for
CO dissociation on close-packed Ru, Rh, Pd, Os, Ir, and Pt surfaces [16] and by Logadottir
et al [17, 18] for N2 dissociation on Pd, Cu, Fe, Ru, and Mo surfaces. (2) Dissociation
reactions, and NO dissociation in particular, are highly structure sensitive. Open surfaces
or vicinal surfaces with steps and edges are generally much more reactive than close-packed
flat surfaces. A strong reduction of the dissociation barrier for NO at steps on the surfaces of
Pd [7, 8, 10], Ru [9, 19], and Pt [20, 21] has been reported. Liu and Hu [14] have extended these
considerations and formulated general rules for the structure-sensitivity of catalytic reactions
on metal surfaces. In particular, they pointed out that dissociation reactions are always much
more structure sensitive than the reverse association reactions. (3) Diatomic dissociation
reactions are coverage dependent—very often dissociative adsorption at low coverage changes
to molecular adsorption at higher coverage. This may be explained by the space required to
accommodate the dissociation products.

The DFT calculations of the potential energy profiles of dissociation reactions suggest
the existence of an essentially linear relationship between the transition-state energy ETS for
dissociation and the binding energy Eads,prod of the dissociated reaction products (or dissociative
chemisorption energy) on the surface of the catalyst, which is independent of the reactant and
of the metal but varies with the structure of the active site [16, 18, 22, 23]. Such a behaviour
is usually known as the Brønsted–Evans–Polanyi (BEP) relation [24, 25] or linear-free-energy
relation,

ETS = A + B · Eads,prod. (1)

BEP relations have been empirically established for a number of chemical reactions. The
connection between the activation energy and the reaction enthalpy is often discussed in terms
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of the Hammond principle [26] which states that for highly exothermic reactions the transition
state (TS) is structurally similar to the reactant (early TS), while in highly endothermic reactions
the product is more similar to the transition state (late TS). From this point of view the existence
of a BEP relation between the reaction barrier and the reaction enthalpy for the dissociation
of diatomic molecules is rather surprising, since in many cases the dissociated atoms are more
strongly bound to the surface than the adsorbed molecule. From the Hammond principle one
would therefore expect the dissociation proceeding via a chemisorbed molecular species to
have an early transition state whose structure should be closer to that of the molecular precursor
than to the dissociated molecule in the final state.

The present paper is devoted to a detailed investigation of the potential-energy profile for
the dissociation of NO on the close-packed surfaces of seven late transition metals and of the
noble metals. The previous DFT studies that lead to the formulation of the BEP relation for
diatomic dissociation reactions furnish data for a large number of different systems,but only the
work of Liu and Hu [16] on CO dissociation on transition metals allows us to follow the trend
as a function of the properties of the metallic substrate. Interestingly, a different BEP relation
(different slope of the linear correlation between ETS and Eads,prod) has been found for 4d and
5d metals. Such a difference would contradict the postulated ‘universality’ of BEP relations
for diatomic reactions [17, 23]. Here we report results on all the late 3d, 4d, and 5d transition
and noble metals on which a molecular adsorption precedes NO dissociation. Detailed results
on molecular adsorption have already been presented [6]—hereafter this paper will be referred
to as I. Here we concentrate on the determination of the transition states for dissociation and
we discuss the results in the light of a possible Brønsted–Evans–Polanyi relation.

Our paper is organized as follows. In section 2 we briefly review the computational aspects
(as far as not covered in I) and we introduce the strategy for transition-state determination. In
section 3 we discuss the general scenario for NO dissociation; section 4 presents our results
for the potential-energy profiles and the transition-state energies and geometries on the various
metal surfaces, compared to the available experimental observations. Section 5 discusses
the trends, and in particular the correlation between the transition-state energies and final-
state adsorption energies as postulated by the BEP relation. The last section summarizes our
conclusions.

2. Methodology

The calculations in this work are performed using the Vienna Ab Initio Simulation Package
VASP [27, 28], which is based on density functional theory (DFT) and uses a plane-wave basis
set. The electron–ion interaction is described using the projector-augmented-wave (PAW)
method [29, 30] with plane waves up to an energy of Ecut = 450 eV. For the exchange and
correlation functional the form proposed by Perdew and Zunger [31] is used, adding (semi-
local) generalized gradient corrections (GGA) according to Perdew et al (PW91) [32].

The dissociation of NO is characterized by a free space requirement: free adsorption
sites for the dissociation products must be available in the vicinity of the adsorbed molecule.
Therefore, the dissociation of NO was studied using a c(4 × 4) surface cell, leading to a
coverage of 0.125 ML, while our studies of molecular adsorption had been performed using
a p(2 × 2) surface cell and a coverage of 0.25 ML. The lower molecular coverage facilitates
dissociation and yields activation energies which are independent of lateral interactions.

Brillouin-zone integration have been performed with a (2 × 3 × 1) �-centred k-point
mesh. Other details of our computational set-up details remain as specified in our paper on CO
adsorption [5]. The slab representing the surface consists of four monolayers of metal and NO
is adsorbed on one side only. The two uppermost metal layers are allowed to relax—as a rule,
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substrate relaxation is more important for the adsorption of the dissociated atoms which bind
very strongly to the substrate than for the molecular precursor. A conjugate-gradient algorithm
is used to relax ions to their ground state locations [33]. Equilibrium is reached if the force
on the atoms becomes less than 0.1 eV Å−1 in each of the Cartesian directions. Vibrational
properties were computed for the initial and the transition states by applying a finite difference
method where the substrate is frozen and NO is allowed to vibrate in any direction. If the
molecule is in a true transition state it must have one, and only one, imaginary frequency
corresponding to the N–O stretching mode.

Dissociation paths and diffusion barriers are determined using the nudged elastic band
(NEB) method [34, 35]. In the NEB method a reaction coordinate relating initial (molecular)
and final (dissociated) states is defined and a set of intermediate states is distributed along the
reaction path. Each intermediate state is fully relaxed in the hyperspace perpendicular to the
reaction coordinate. In the interval between the states with the highest potential energies, the
search has been refined using the climbing-image NEB method [36, 37]. For the transition
state, the vibrational spectrum has been calculated—if the criterion of a single imaginary
eigenmode is not satisfied, the search is further refined. The climbing-image NEB method,
combined with the vibrational analysis, leads to a very precise determination of the transition
state.

In the product state, N and O atoms are adsorbed in threefold hollows separated by
a rather short distance. To determine the contribution Eint of the intramolecular N–O
interactions to the final-state and transition-state energies, separate calculations of N and O
adsorption have been performed in a smaller p(2 × 2) surface cell. The interaction energy
is determined by Eads,N+O = (Eads,N + Eads,O + �) + Eint, where Eads,N and Eads,O are the
atomic adsorption energies calculated relative to the gas-phase molecules N2 and O2, and
� = ENO(g)− 1

2 [EO2(g)+ EN2(g)] corrects for the difference in the gas-phase binding energies
of the molecules. The gas-phase binding energies have been calculated for molecules in a large
box of 12 × 13 × 14 Å3, with appropriate aspherical and dipolar corrections. The calculated
atomization energies of the O2, N2, and NO molecules are 6.427/12.789/7.660 eV, to be
compared with experimental values of 5.12/9.85/6.64 eV—it is well known that the DFT error
in molecular binding energies is always much larger than for solid-state calculations.

3. Reaction pathway for NO dissociation

Two models have been proposed to describe the dissociation of a molecule on a surface—direct
dissociation and dissociation via a molecular precursor. In direct dissociative chemisorption
the incident molecule decomposes into the constituent molecules immediately upon impact
on the surface. In a precursor-mediated adsorption the molecule is adsorbed interact before
dissociation. The formation of a molecular precursor state results from the loss of kinetic
energy of the incident molecule upon collision with the surface. The molecule remains
in this chemisorbed state until it receives enough energy from the catalyst to reorient into
a configuration favouring dissociation or desorption without dissociation. The favoured
mechanism for dissociation is determined by the potential energy surface (PES) of the molecule
interacting with the surface.

A schematic PES is shown in figure 1. The reference-energy is given by the molecule in the
gas phase. Molecular adsorption of NO on metallic surfaces is usually an exothermic process,
characterized by the molecular adsorption energy Eads,NO. Dissociation of the chemisorbed
molecule is an activated process passing through a transition state with energy ETS; the true
activation energy relative to the chemisorbed initial state is Ediss = ETS − Eads,NO, whereas the
energy of the transition state measures the apparent activation energy relative to the molecule
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Figure 1. Potential energy profile for the dissociation of NO (schematic); cf text.
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Figure 2. Reaction pathway for the dissociation of NO on a close-packed (111) surface. The
example shown in the figure refers to NO dissociation on Pt, starting from a molecule adsorbed in
a fcc hollow; cf text.

in the gas phase. The final-state energy is given by the energy of the co-adsorbed atoms,
Eads,N+O; it differs from the sum of the adsorption energies of the isolated atoms, Eads,N + Eads,O,
by an interaction energy Eint depending on the interatomic distance between N and O. The
reverse process, the associative formation of a NO molecule from the co-adsorbed atoms,
has an activation energy Eass = ETS − Eads,N+O. Direct dissociation is favoured only if the
transition-state energy is negative and lower or comparable to the molecular chemisorption
energy Eads,NO. This is not the case for any of the metallic surfaces considered here.

The crucial point is the determination of the transition state. Our calculations using the
NEB method lead to the following reaction scenario (see figure 2). (1) in the initial state the
molecule is adsorbed in a threefold hollow (fcc or hcp) with the molecular axis perpendicular
to the surface. (2) The reaction starts by moving the N atom slightly out of the centre of the
hollow and tilting the molecular axis such that the oxygen atom binds to a neighbouring atom.
(3) In the transition state the molecule is almost parallel to the surface; both the N and the
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O atom are close to bridge positions, shifted towards their final positions in the hollows. In
such a TS on a flat surface both atoms share a common surface atom—this is important for
understanding the structure sensitivity of the reaction. (4) After the molecular bond has been
broken, both atoms move to the closest hollow sites. In the final state both the N and the O
atom are bound in a hollow of the same type as occupied by the initial state. The adsorbed
atoms still share a bonding surface atom. (5) The dissociation can take place only if at least two
free hollow positions are available close to the site occupied by the adsorbed molecule. But
even then, the activation and reaction energies will be influenced by lateral interactions. This
explains the strong coverage dependence of NO dissociation. The scenario for NO dissociation
sketched here is in general agreement with the results of previous studies [19, 38].

It is important to note that in the molecularly chemisorbed state the activation of the
molecule for dissociation is only modest—as shown by a small elongation of the N–O bond
from 1.168 Å in the gas phase to 1.19 → 1.23 Å, and by a modest red-shift of the N–O stretching
mode by only 300 → 400 cm−1 (see I for details). Hence a late TS closely resembling the
final state has to be expected.

4. Transition states for NO dissociation

The optimized potential-energy profiles for NO dissociation on the surfaces of the 3d, 4d, and
5d metals are shown in figure 3. Initial-, transition-, and final-state energies, as well as the
activation energies for dissociation and association, are summarized in table 1.

The initial state is the NO molecule in the chemisorbed state on the surface. The most
favoured adsorption site of the NO molecule on the close-packed transition- and noble-metal
surfaces is a threefold hollow site. For the transition metals the molecular chemisorption
energy for this low coverage of 1

8 ML varies between −2.65 eV on Ru(0001) and −2.07 eV
on Pt(111); for the noble metals a much weaker chemisorption varying between −1.22 eV
on Cu(111) and −0.38 eV on Au(111) is calculated. As a rule, the chemisorption energies
reported here are slightly more exothermic (by about 0.1–0.2 eV) than the values for 1

4 ML
coverage presented in I. The preferred absorption site is the hcp site for the elements which are
more to the left in the periodic table (Co, Ru, Rh) and the fcc site for the other metals, with the
exception of Ir and Au, where the top site is slightly favoured (for any details see I). To make
it easier to follow the general trends, NO in an fcc hollow was also used as the initial state for
these two metals.

4.1. Transition-state and reaction energies

The potential-energy profiles calculated for the transition-metal surfaces show a characteristic
variation across the transition-metal series: with increasing band filling dissociation becomes
less exothermic (it is even weakly endothermic for Pd and Pt), the transition state is shifted
increasingly towards the final state, and the true activation energy for dissociation increases
quite dramatically, from Ediss = 0.73 eV on Co(0001) to Ediss = 2.77 eV on Pd(111). In
contrast, the activation energy for the reverse reaction, the association of nitrogen and oxygen
atoms to form NO, varies only between Eass = 1.83 eV [Co(0001)] and Eass = 2.19 eV
[Pt(111)].

On the heavy noble metals, molecular chemisorption is rather weak; the transition-state
energies and final-state energies are large and positive so that desorption will always occur
before dissociation can take place. On Cu NO dissociation is weakly endothermic; the
transition-state energy is only slightly more positive than on Pt or Pd. Hence NO dissociation
on Cu shows more similarity with the heavy metals of the Pt group than with the heavy noble
metals.
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Figure 3. Potential energy profile for the dissociation reaction of NO on the surfaces of the 3d (top),
4d (centre) and 5d (bottom) transition and noble metals. The open circles mark the intermediates
along the reaction channel whose structures and energies have been optimized in the hyperspace
perpendicular to the reaction coordinate; the full lines show a spline-fit of the energy profile.
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Table 1. Energies along the reaction path for NO dissociation (all in eV per N–O dimer): adsorption
energy of chemisorbed NO, Eads,NO, transition-state energy ETS and final-state energy Eads,N+O
of the co-adsorbed N and O atoms. In addition, the table summarizes the heat of reaction Ereact ,
the activation energies Ediss and Eass for NO dissociation and N+O association. The reference
energy is the gas-phase NO molecule. All energies are given in eV. All the values are according to
transition paths for the dissociation depicted in figures 3.

Surface Eads,NO ETS Eads,N+O Ereact Ediss Eass Ref. Functional

Co −2.39 −1.67 −3.50 −1.11 0.73 1.83 PW91
Ni −2.61 −1.30 −3.28 −0.67 1.31 1.98 PW91
Cu −1.22 0.46 −0.79 0.43 1.68 1.25 PW91

−1.35 −0.15 1.20 [38] PW91

Ru −2.65 −1.90 −3.60 −0.95 0.75 1.70 PW91
−2.73 −1.45 1.28 [9, 19] PW91
−2.24 −0.83 1.44 [9, 19] RPBE

Rh −2.58 −1.06 −3.14 −0.56 1.52 2.08 PW91
−2.50 −0.89 1.61 [7] PW91
−2.45 −0.85 1.60 [11] PW91

Pd −2.59 0.17 −2.02 0.57 2.77 2.19 PW91
−2.30 0.17 2.47 [7] PW91
−2.29 0.31 2.60 [10] PW91
−1.80 0.90 2.70 [10] RPBE

Ag −0.43 2.52 1.89 2.32 2.95 0.63 PW91

Ir −2.10 −0.64 −2.62 −0.52 1.46 1.98 PW91
−2.10 −0.64 1.46 [14] PW91

Pt −2.07 0.27 −1.59 0.48 2.34 1.86 PW91
−1.98 0.49 −1.65 0.33 2.47 1.99 [21] PW91
−2.02 0.08 2.10 [38] PW91
−2.05 0.55 2.60 [14] PW91

Au −0.38 2.70 1.68 2.06 3.08 1.02 PW91

The trends in the reaction energies are largely determined by the adsorption energies
Eads,N and Eads,O of the isolated N and O atoms. The atomic adsorption energies at the high-
symmetry sites of the close-packed surfaces, calculated relative to the gas-phase molecules
N2 and O2, are summarized in table 2. For adsorption in the threefold hollows, the two top
layers of the substrate have been relaxed. We find that while dissociative adsorption of oxygen
is always exothermic (with the sole exception of Au), dissociative adsorption of nitrogen is
weakly exothermic only on Co, Ni, Ru, Rh, and Ir, weakly endothermic on Pd and Pt, and
strongly endothermic on the noble metals. Site preference is hcp for both atomic species on
Co and Rh and fcc for both metals on Ni, Pd, Pt, and the noble metals. On Rh and Ir nitrogen
adsorbs preferentially in the hcp, and oxygen in an fcc hollow. Following Hammer [9] we
define a rebonding potential energy Erebond for the reaction products according to

Erebond = Eads,N + Eads,O + � (2)

where � = ENO(g)− 1
2 [EO2(g) + EN2(g)] = −0.95 eV shifts the energy zero to the gas-phase

NO molecule. The energies of the product and transition states may be decomposed according
to

ETS = Erebond + Eint,TS (3)

and

Eprod = Erebond + Eint,prod (4)
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Table 2. Adsorption energies of isolated N and O atoms in high-symmetry sites on the close-
packed surfaces of noble and transition metals (calculated relative to the gas-phase molecules N2
and O2), Erebond measuring the sum of the atomic adsorption energies relative to the gas-phase
NO molecule; Eint,prod and Eint,TS represent the strength of the intramolecular interaction in the
product and transition states; cf text. All energies are given in eV.

Metal Atom (site) Eads,atom Erebond Eint,prod Eint,TS

Co N(hcp) −0.44 −3.99 0.49 2.32
O(hcp) −2.60

Ni N(fcc) −0.14 −3.44 0.16 2.14
O(fcc) −2.35

Cu N(fcc) 1.37 −1.13 0.44 1.59
O(fcc) −1.55

Ru N(hcp) −0.94 −4.56 0.96 2.66
O(hcp) −2.67

Rh N(hcp) −0.48 −3.52 0.38 2.46
O(fcc) −2.09

Pd N(fcc) 0.24 −2.22 0.20 2.39
O(fcc) −1.51

Ag N(fcc) 2.97 1.69 0.20 0.83
O(fcc) −0.33

Ir N(hcp) −0.21 −2.90 0.28 2.26
O(fcc) −1.74

Pt N(fcc) 0.43 −1.58 −0.01 1.85
O(fcc) −1.06

Au N(fcc) 2.59 1.82 −0.14 0.88
O(fcc) 0.18

into the rebonding energy and the energy of the intramolecular N–O interaction. For the product
state, Eint,prod measures the strength of the repulsive interaction between the co-adsorbed atoms.
In the transition state Eint,TS represents the sum of the lateral interactions plus the increased
potential energy of the atoms displaced from their equilibrium adsorption sites. Values for
the rebonding energy and the interaction energies are compiled in table 2. The rebonding and
interaction energies are calculated for N and O atoms in their respective favoured adsorption
sites.

The interaction energies calculated for the product states are quite modest, varying for
most metallic surfaces between 0.2 and 0.5 eV—hence Erebond calculated from the atomic
adsorption energies is already a good approximation to the final-state energies. In the transition
state, the intramolecular interaction is quite strong, but the important point is that within the
entire group of transition metals, Eint,TS shows only a modest variation between 1.85 eV (Pt)
and 2.66 eV (Ru)—as we shall explain in more detail below, this is the basis for the linear
PEB relationship. On the heavy noble metals, the intramolecular interaction energy is much
weaker, with Cu occupying a place intermediate between the transition metals and the heavy
noble metals.

4.2. Transition-state geometries

The modest differences in the intramolecular interaction energies calculated for the transition
state reflect the similarity of the transition-state geometries (which are all close to the final-
state configurations). Information on the transition-state geometries is given in table 3. The
most remarkable aspects are the strong elongation of the N–O bond length compared to the
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Table 3. Transition-state geometries for NO dissociation: molecular bond length dN−O, distance
hS−N of the N atom above the surface (average z-coordinates of the surface atoms), angle θ between
the N–O bond axis and the surface normal, and νN−O the imaginary value of the molecular stretching
frequency in the transition state.

Metal dN−O (Å) hS−N (Å) θ (deg) νN−O (cm−1)

Co (1.63)
Ni 1.69 1.17 78 478
Cu 1.87 1.14 85 423

Ru 1.66 1.30 83 516
Rh 1.77 1.20 80 501
Pd 1.80 1.15 77 511
Ag 2.13 1.20 88 365

Ir 1.94 1.42 77 386
Pt 1.88 1.34 83 428
Au 2.02 1.11 79 394

chemisorbed state and the orientation of the molecule almost parallel to the surface. For all
metals, the molecular bond length at the transition state is larger than the distance between two
bridge-sites across a hollow (measuring between 1.24 Å on Co(0001) and 1.40 Å on Pt(111)
and Au(111)), hence the atoms are already shifted from the bridge sites towards their final
positions in the hollows. The distances of both the N and the O atom from the surface are
much lower than in the molecular chemisorbed state. Altogether, adsorbate–substrate binding
in the transition state shows much more similarity with the binding of the chemisorbed atoms
than with the binding of the chemisorbed molecule. There is almost no detailed information on
transition-state geometries in the literature. For NO on Pd(111) and Rh(111), our geometries
are almost identical to those reported by Loffreda et al [7], while Bogicevic and Hass [38]
report only a rather modest stretching of the NO bond lengths (by 15% and 30%, respectively)
in the TS on Cu(111) and Pt(111), in contrast to our results.

4.3. Comparison with experiments and previous calculations

NO dissociation on several transition-metal surfaces has been studied previously using DFT
methods. The most thoroughly studied systems are NO/Pd(111) and NO/Pt(111). For both
metals we note good agreement with the calculations of Loffreda et al [7] for Pd and of Backus
et al [21] for Pt, which are based on the same ab initio code (VASP) and the same exchange–
correlation functional. Minor differences are related to a different surface coverage (higher
coverage leading to a slightly enhanced barrier) and a slightly different computational set-up.
We also find good agreement with the calculations of Liu et al [14], who used a different
plane-wave DFT code. Bogicevic and Hass [38] also used VASP for their calculations on
NO dissociation on Pt(111), but reported a significantly lower dissociation barrier. Closer
inspection of their transition-state geometries shows only a modest stretching on the N–O bond
length (0.30 Å or 25%), compared to a much stronger extension of the bond length (by 0.70 Å)
in our study. This suggests that their transition-state assignment is based on an interpolation
between too coarsely spaced intermediates along the reaction path—the PES profile shown
in figure 3 is strongly peaked around the TS. For NO/Pd(111) Hammer [10] reports results
obtained using two different functionals, the PW91 [32] and the RPBE [39, 40] gradient-
corrected functionals. As already discussed in I, the RPBE functional leads to molecular
and dissociative adsorption energies lower by about 0.5 eV than the PW91 functional, but
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to almost identical dissociation barriers. For NO/Rh(111) we find excellent agreement of
the calculated dissociation barrier with the results of Loffreda et al [7] and Hammer and
Nørskov [11], although their molecular adsorption energies are slightly lower due to a higher
surface coverage. For NO/Ir(111) we even note perfect agreement of our VASP results with
the CASTEP calculations of Liu et al [14] (for references to the different DFT codes, we refer
to I).

Discrepancies with earlier calculations exist for NO dissociation on Cu(111) and on
Ru(0001). For NO/Cu(111) Bogicevic and Hass [38] report, as in their calculations for
NO/Pt(111), a rather early transition state with a NO bond length stretched by only 15%
relative to the molecular chemisorbed state, in contrast to our result of a very late TS. The
reasons for the discrepancy with Hammer’s [9, 19] results for NO/Ru(0001) remain unclear,
but as we shall discuss below our substantially lower dissociation barrier fits much better the
general trends across the transition-metal series.

The measurement of the activation energy for dissociation is a complicated problem for
both the experiment and theory. Only a very few experimental estimates are available. For
NO/Pt(111) Masel [41] reports a dissociation barrier of 1.95 eV from the onset of O2 desorption
in temperature-programmed desorption (TPD) experiments, in reasonable agreement with the
DFT results. However, this assignment has been criticized by Bogicevic and Hass [38], who
suggested that this value represents the barrier for the recombination of atomic oxygen rather
than that for NO dissociation. Pirug and Bonzel [42] measured an activation energy of 1.2 eV
for NO dissociation on polycrystalline Pt. Lee et al [43] reported an apparent activation energy
for NO dissociation on Pt(111) of 0.1 eV, again in reasonable agreement with our calculated
transition-state energy.

For NO/Rh(111) Borg et al [44] reported an activation energy for dissociation of
Ediss = 0.41 eV and a desorption energy of 1.22 eV from TPD measurements. The desorption
energy corresponds to about 50% of the calculated values; the experimental estimate for the
dissociation barrier is in even worse disagreement with theory. However, Root et al [45] found a
much larger value for the dissociation barrier (Ediss = 0.83 eV)—this would again correspond
to 50% of the DFT value. Makeev et al [46] argued that the consideration of lateral interactions
between the adsorbate species in the study by Borg et al [44] increases the activation energy
from 0.41 to 0.73 eV. For a stepped Rh(111) surface Kruse et al [47] reported an activation
energy for NO dissociation of 1.06 eV—as the activation energy is generally much lower at
steps than on the flat terraces, this would support the DFT result. Thiel et al [48] estimated an
activation energy of 0.70 eV for dissociation of NO on Ru(0001), in very good (but perhaps
coincidental) agreement with our calculated value. Altogether, the scarcity and uncertainty of
the experimental estimates hardly allows an assessment of the accuracy of the DFT predictions.

5. Linear free energy relations

Figure 4 shows the variation of the transition-state energies (or apparent activation energies)
ETS as a function of the final-state energies (or dissociative chemisorption energies) Eads,N+O.
For the group of seven late transition metals we find that a linear Brønsted–Evans–Polanyi
(BEP) relation

ETS = A + B · Eads,N+O (5)

with A = 2.19 eV and B = 1.09 holds with very good accuracy. If the noble metals are
included in the linear fit, we find a lower value for the coefficient B , and systematic deviations
from the linear BEP relation within the transition-metal series. This is not unexpected, since
the interaction of both the molecules and of the dissociated atoms with the substrate is quite
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Figure 4. The linear BEP relation between the transition-state energies ETS and the dissociative
chemisorption (final-state) energies Eads,N+O (circles and full line), and between ETS and the sum
of the adsorption energies of the isolated atoms, Erebond (crosses and dashed line); cf text.

different for both classes of substrates. It is remarkable that the same BEP relation holds for
3d, 4d, and 5d metals—in contrast to the results of Liu and Hu [16] for CO dissociation on the
late 4d and 5d metals, who found a BEP slope close to unity for the 4d metals (B = 0.98), but
a significantly larger one for the 5d metals (B = 1.35).

The quantity linking the dissociative chemisorption energy and the transition-state energy
is the activation energy for the reverse reaction, Eass, as

ETS = Eass + Eads,N+O. (6)

The origin of the linear BEP relations is in the much smaller variation of the activation energies
for molecular association (varying only between Eass = 1.70 eV on Ru and Eass = 2.19 on
Pd) than of the true activation energy for dissociation (varying between Ediss = 0.73 eV on
Co and Ediss = 2.77 eV) on the various TM surfaces. If the association energies were the
same on all substrates, the relationship between the final-state and transition-state energies
would be exactly linear. A similar observation holds also for the noble metals. The much
weaker substrate dependence of the association energies is a consequence of the similarity of
the transition states, as demonstrated by the transition-state geometries described in table 3.
Equation (6) also explains why all transition-state energies fit a BEP line with a slope close
to 1 (B = 1.09), and why the constant A in the BEP relation is close to the average of the
activation energies for association.

The activation energy for association is determined by the increase of the intramolecular
interaction energy on going from the product to the transition state, Eass = Eint,TS − Eint,prod,
with the interaction energies calculated relative to the sum of the atomic adsorption energies
calculated relative to the gas-phase NO molecule; see equation (2). This decomposition of the
transition-state energies, together with the weak substrate dependence of Eint,TS, also suggests
a linear dependence of the transition-state energies on the sum of the adsorption energies of
the isolated atoms, represented by Erebond, i.e.

ETS = A′ + B ′ · Erebond. (7)

The linear fit shown in figure 4 yields A′ = 1.71 eV and B ′ = 0.81, hence even atomic
adsorption energies can be used for a quite reliable prediction of the activation energies for
NO dissociation.
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6. Conclusions

Together with the results of molecular NO adsorption on transition and noble metal surfaces
presented in I, the present investigation of NO dissociation forms a large database describing
the interaction of nitric oxide with close-packed metallic surfaces. Our aim was to achieve a
better understanding of the trends governed by the electronic properties of the substrate. In
I we have demonstrated that state-of-the-art DFT calculations lead to a consistent picture of
geometry and vibrational properties of the molecular adsorbates, while adsorption energies
depend on the choice of the exchange–correlation functional and tend to be overestimated in
comparison with experiment. Transition-state energies show a much weaker dependence on
the choice of the exchange–correlation functional.

NO dissociation is found to be exothermic on Co, Ni, Ru, Rh, and Ir, with a heat of
reaction varying between −1.11 eV/molecule on Co and −0.52 eV/molecule on Ir. This
is in agreement with the experimental results collected by Broden [1] demonstrating that 3d
metals dissociate NO more easily than 4d and 5d metals. On all these surfaces, the transition-
state energies (or apparent activation energies) are negative. However, as these metals adsorb
molecular NO rather strongly, no direct dissociation can occur; the dissociation process is
precursor mediated, with a true activation energy relative to the molecular precursor varying
between 0.73 eV on Co and 1.46 eV on Ir. The activation energies are large enough for the
coexistence of molecular and dissociated species on Ni, Rh, and Pd.

NO dissociation has a modest endothermic heat of reaction on Pd, Pt, and Cu, so that
molecular chemisorption is preferred. Transition-state energies are only weakly positive, so
that on heating desorption as well as dissociation will be observed. On these surfaces, adsorbed
atomic nitrogen is unstable relative to gas-phase N2 and will readily undergo recombinative
desorption, while atomic oxygen is still bound to the surface. Finally, on Ag and Au surfaces,
NO dissociation is strongly endothermic.

We have demonstrated a linear Brønsted–Evans–Polanyi relationship between the final-
state energies and the transition-state energies for NO dissociation. The origin of the linear
BEP relation is in the small substrate dependence of the activation energy for the reverse
process, the associative formation of NO molecules from adsorbed atomic N and O. The weak
substrate dependence of the association energies in turn originates from the similarity of the
transition and final states: we have demonstrated that relative to the molecular precursor states
the N–O bond lengths in the transition states are stretched by 0.43 Å (Co) and 0.74 Å (Ir)
and that the orientation of the molecule is almost parallel to the surface. Our results extend
the evidence for the validity of a BEP relationship for the dissociation of diatomic molecules.
Our investigations have been restricted to close-packed surfaces—the influence of the surface
geometry on the dissociation reactions was outside the scope of our investigations. Results for
NO dissociation on stepped and kinked surfaces have been reported for Pd, Ru and Pt surfaces
(see introduction for details). At steps and kinks the bonding competition between the atoms
is reduced, leading to a stronger bonding in the transition as well as in the final states. As a
result, the slope of the BEP line remains essentially the same, but the line is shifted to lower
energies.
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