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Abstract

CO oxidation on Pt(111) is studied with ab initio density functional theory. The low
energy pathway and transition state for the reaction are identified. The rate-limiting step
is the breaking of an O-metal bond prior to the formation of a chemisorbed CO2 molecule.
The pathway can be rationalised in terms of competition of the O and C atoms for bonding
with the underlying surface, and the predominant energetic barrier is the strength of the
O-metal bond.

It has been known for a long time [1] that the oxidation of CO can be effectively catalysed
by certain transition metals. This phenomenon has since come to prominence both for its
intrinsic scientific interest and for its immense technological importance [2]. For example, car
exhaust catalytic converters, widely used since the 1970’s to remove CO and other pollutants
from exhaust emission, have as their active components transition metals such as Pt, Pd or Rh
supported on metal oxides. Spurred by such technological interest CO oxidation on transition
metal surfaces has become one of the most widely studied catalytic reactions [2, 3, 4, 5]. It
remains, however, inadequately understood. In order to provide insight into the development
of new catalysts, two important questions can be phrased as follows: (1) What is the transition
state in this reaction? (2) What is the physical origin of the reaction barrier? Answers to the
second question are crucial since the reaction rate, i.e. the efficiency of the catalyst, decreases
exponentially with the energetic barrier, and it is obvious the answer to the first question must
be sought before the second can be tackled. In this study we focus on these two issues.

We used a finite temperature formulation of density functional theory [6], using non-local pseu-

dopotentials and a plane wave basis set, as implemented in the code FEMD [7]. In this method,
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the self-consistent electronic density is computed using an efficient iterative diagonalisation [8]
of a high-temperature density matrix, together with a conventional density-mixing scheme. Cal-
culations were done using both the local density approximation (LDA) [9] and with gradient
corrections (GGA) [10, 11] to the LDA. We focussed on a system that is well characterised
experimentally: the CO/p(2 x 2)-O/Pt(111) co-adsorption system [12], in which the O atoms
are chemisorbed on hollow sites in a p(2 x 2) structure, and CO adsorbed on top sites ( Fig
1.). Our periodic system consisted of 3 layers of Pt atoms ( 4 atoms per layer), 2 O atoms and
one C atom. In all the calculations, the bottom two layers of Pt atoms were held fixed in their
equilibrium positions, while the top layer of atoms were allowed to relax. Soft pseudopotentials
generated by using a kinetic-energy-filter optimisation scheme were employed, and the electronic
orbitals were expanded upto 500eV cutoff [16]. The pseudopotentials accurately reproduced the
properties of the isolated systems, including equilibrium lattice constant of Pt, the CO bond
length and vibrational frequency, the COs bond lengths and vibrational frequencies. Calcula-
tions were done using a Monkhorst-Pack mesh of 2 x 2 x 1 and convergence with respect k-point
sampling was checked using a 6 x 6 x 1 mesh. A realistic electronic temperature (800K) in the
finite temperature density functional was employed. We searched for the low energy pathway
taking us from CO/p(2 x 2)-O/Pt(111) to chemisorbed CO2 using a constrained minimisation
scheme. In this approach, we keep the C-O(a) distance fixed at preselected values, and minimise
the total energy with respect to all remaining orthogonal degrees of freedom. In particular this
means that the molecules are free to rotate and translate subject to the above constraint, and
in addition the surface Pt atoms are allowed to relax. The transition state (TS) is identified by
requiring (a) that the ionic forces at the TS vanish, and (b) that the TS is a maximum along
the reaction coordinate ( i.e. C-O(a) distance) , but a minimum with respect to all remaining
degrees of freedom. The resulting pathway gave a smooth passage from the initial to final state,

which are shown in a series of snapshots in Fig 2.

We comment that this method of obtaining T'S’s works only if the constrained coordinate is
properly chosen. Otherwise one finds discontinuous trajectories, corresponding to different low
energy pathways. We experimented with several constraints in which these problems were
encountered, but the final choice of the C-O(a) distance was successful in avoiding such problems,

and led to smooth pathway and a genuine transition state.

The initial motion in the reaction path is due to the CO molecule moving towards the bridge
site B. As the CO molecule arrives at B, the O(a) atom is displaced a small amount away
towards the opposite bridge site B’ ( Fig. 2c¢). The next event is pivotal. The CO molecule
moves from B onto Pt(1), the O(a) atom simultaneously breaks its bond with Pt(1) and moves
to B’ ( Fig.2 e). This is the transition state. In the next few steps the CO molecule and O(a)
atom move together to form a bond, in the process of which a second O(a)-Pt bond (Pt(3)) is
broken. This process is complete in Fig. 2g. The nascent CO2 thus formed, however, is in an
unfavourable location on the surface, and displaces itself to give finally chemisorbed COq, which
is a highly bent and stretched molecule asymmetrically bonded with the surface ( Fig. 2h), with
O(a) bonded to Pt(2) and the C atom to Pt(1).

The chemical bonding changes dramatically in the course of this pathway. The motion of the
CO molecule from the initial configuration to B results in the spreading of electron density to
the neighbouring Pt(1) atom, while breaking the three fold symmetry of the electron density
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surrounding O(a). In fact

the presence of the CO molecule at B severely weakens that O-Pt bond. At the transition state,
the O(a)-Pt(1) bond is completely broken, and O(a) is bonded only to Pt(2) and Pt(3), while
the CO molecule has become bonded to Pt(1). The formation of the nascent C-O(a) bond
occurs at the transition state. The calculated reaction barrier is 1.01 eV in the LDA and 1.05
eV in the GGA ( Fig. 3). Both are in good agreement with the barrier of approximately 1
eV deduced from kinetic experiments [3]. We remark that the difference in the energy barrier
predicted by the LDA and GGA is found to be very small in the present system. The transition
state has a very interesting feature: distance between C and O(a) is remarkably long, 2.1 A,
compared to the bond length (1.16 A) between C and O in CO, molecules. It indicates that the
direct repulsion between chemisorbed CO and chemisorbed O atom may not be so important in
generating the reaction barrier. To find the physical origin of the reaction barrier, we calculated
O chemisorption energies on Pt(111) without CO. We found that O atoms bonded with three
Pt atoms on hollow sites (the same as that in the initial state) are approximately 0.6 eV more
stable than the structure with O atoms on bridge sites. Furthermore, the barrier to CO diffusion
from a top site to a bridge site in the absence of chemisorbed O atoms is very small, whereas it
is approximately 0.5 eV in the presence of such O atoms. The reason for this marked increase
in energy is the weakening of the O-Pt(1) bond which occurs when the CO molecule is on the
bridge site. The competition for forming surface bonds therefore results in a significant indirect
repulsion between the CO molecule and the O atom, which generates a long transition state.
The key role of the weakening and breaking of an O-Pt bond suggests that the predominant
barrier to the reaction is the strength of this bond. Therefore, the barrier should be lower if the

O-metal bonds are weakened. A similar feature has been discussed in CO oxidation on Ru [4].

These findings can explain many of the features found experimentally. The chemisorbed CO,
species is a highly bent and asymmetric structure, with bond lengths substantially longer than
in the gas phase molecule. On desorption from the surface the molecule will be in highly excited
vibrational states, as is observed experimentally [13]. Modification of the O atom environment,
for example, by their adsorption at sites of surface defects or in disordered configurations, may
weaken their surface bonds, and should therefore require lower energies for the reaction to
proceed. Indeed this is observed experimentally [12], where the CO oxidation reaction occurs at
lower temperatures when disorder is introduced in the O atom chemisorption. The paradoxical
behaviour of CO oxidation on Cu can similarly be explained. In this case, the reaction does
not occur easily if the O atoms are chemisorbed at room temperature but takes place readily if
they are chemisorbed at lower temperatures [14]. We suggest the reason for this behaviour is
that at room temperatures the chemisorbed O atoms are tightly bonded, being incorporated as
Cu-O-Cu chains [15]. The energetic barrier to breaking such Cu-O bonds is highly unfavorable.
On the other hand, O atoms chemisorbed at lower temperatures are more weakly bonded to
hollow sites of the surface, and in this case the energetic barrier breaking a Cu-O bond is much

lower, enabling the CO oxidation reaction to occur at low temperatures.

The observed pathway has the feature of least bond breaking. The initial motion of CO towards
the bridge site B does not break significantly weaken any chemical bond. At the transition state
only one O-Pt bond is broken, and the competition for bonding is limited to only one Pt atom.

In alternative pathways, for example, the linear trajectory taking the CO molecule to the O
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atom through a hollow site, involves the competition for bonding of the CO molecule with two
Pt atoms which are simultaneously bonded to the O atom. This weakens two O-Pt bonds and
we explicitly verified that it is much more energetic (in excess of 2eV). It is plausible and in
keeping with general physical principles [17] that minimising the competition for bonding with
surface atoms and the number of broken surface bonds are general features of reaction pathways
in such systems. Such a simple geometric criterion may be a useful guide in identifying possible

low energy pathways.

In this study we have identified a transition state and low energy pathway for CO oxidation on
Pt(111) in the Langmuir-Hinshelwood mechanism for the first time, and provide microscopic
evidence that the predominant barrier for the reaction is the strength of the bond between
the O atoms and the surface. We expect that modifications of this may play a crucial role in
determining the efficiency of the catalyst. Very recently, an experimental ( scanning tunneling
microscopy) study of CO oxidation on Pt(111) was published [18], in which it was found that
CO oxidation takes place more readily at the boundaries between O islands and CO islands.
This finding is consistent with the results presented here since we expect that the O atoms at
such boundaries may be displaced from their ideal p(2 x 2) sites and therefore provide a lower

barrier to reaction with CO than interior oxygens.

Current work is in progress in analysing more quantitatively the properties of the reaction
pathway and the transition state, using quantum chemical concepts of Mulliken charges and
bond orders. These will be presented in a forthcoming paper.

Acknowledgements: The UK Car-Parrinello consortium is acknowledged for computer time
on the Cray T3D in Edinburgh. This work has been supported by the EPSRC.

* Present address: Laboratoire Nanostructures et Magnetisme (NM), DRFMC/SP2M, C.E.A.Grenoble,
17 rue des Martyrs, 38054 Grenoble CEDEX 9, FRANCE.

References

[1] I. Langmuir, Trans. Faraday. Soc., 17 621, (1921).

[2] See, for example, T. Engel and G. Ertl, in The Chemical Physics of Solid Surfaces and
Heterogeneous Catalysis, edited by D.A. King and D.P. Woodruff, ( Elsevier, New York,
1982), Vol. 4; C.H.F. Peden, in Surface Science of Catalysis: In situ probes and Reac-
tion Kinetics, Edited by D.J. Dwyer and F.M. Hoffmann ( American Chemical Society,
Washington D.C. 1992).

[3] G. Ertl, Surf. Sci., 299, 742, (1994).

[4] C. Stampfl and M. Scheffler, Phys. Rev. Lett., 78, 1500, (1997).

[5] Y.Y. Yeo, L. Vattuone. and D.A. King, J. Chem. Phys., 106, 392, (1997).

[6] A. Alavi, J. Kohanoff, M. Parrinello, and D. Frenkel, Phys. Rev. Lett., 73, 2599, (1994).

[7] A. Alavi and T. Deutsch, unpublished. The FEMD has been built from the code CPMD,
version 3.0, developed by J. Hiitter, P. Ballone, M. Bernasconi, P. Focher, E. Fois, S.

50



Goedecker, M. Parrinello, M. Tuckerman at MPI fiir Festkorperforschung and IBM Re-
search, (1990-1996).

[8] W.T. Pollard and R.A. Friesner, J. Chem. Phys., 99, 6742, (1993).
[9] D.M. Ceperley and B.J. Alder, Phys. Rev. Lett., 45, 566, (1980).
[10] A.D. Becke, Phys. Rev. A., 38, 3098, (1988).
[11] J.P. Perdew, Phys. Rev. B, 33, 8822, (1986); Erratum: Phys. Rev. B, 34, 7406, (1986).
[12] J. Yoshinobu and M. Kawai, J. Chem. Phys., 103, 3220, (1995).
[13] C. Wei and G.L. Haller, J. Chem. Phys., 105, 810, (1996).
[14] T. Sasaki, T. Sueyoshi and Y. Iwasawa, Surf. Sci.,316, L1081, (1994).
[15] D. Coulman, J. Winterlin, R.J. Behm and G. Ertl, Phys. Rev. Lett., 64 1761, (1990).

[16] P. Hu, D.A. King, S. Crampin, M.-H. Lee, and M.C. Payne, Chem. Phys. Lett., 230,
501-506, (1994); P. Hu, D.A. King, M.-H Lee, and M.C. Payne, Chem. Phys. Lett., 246,
73-78, (1995); P. Hu, D.A. King, S. Crampin, M.-H. Lee, and M.C. Payne, J. Chem.
Phys., 107, 8103, (1997).

[17] A. Zangwill, Physics at Surfaces, ( Cambridge University Press, 1988).

[18] J. Wintterlin, S. Vélkening, T.V.W. Janssens, T. Zambelli and G. Ertl, Science, 278,
1931, (1997).

Figure Captions

Fig. 1 The geometry of the CO/p(2 x 2)O/Pt(111) configuration. The unit cell in the surface

plane is indicated with dotted lines.

Fig. 2. Snapshots of the reaction pathway from the initial state (top left, a) to the final state
(bottom right, h). The lattice vectors are indicated in (a). For clarity, the periodic images of
the molecules are not shown, and the view is slightly tilted from the vertical. The Pt atoms
are the largest spheres, the O atoms are the darkest spheres, and the small grey spheres are
the C atoms. The transition state is (¢). In (h), the molecular geometry of the CO5 molecule
is: bond-lengths C-O(a)=1.29A, C-O(b)=1.21A, bond-angle: 131°. The gas-phase molecule is
linear with a bond-length of 1.16 A.

Fig. 3. The energies of the 8 configurations show in Fig. 2, relative to the lowest energy
configuration. Dashed: LDA; Solid: GGA.
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Figures

The figures could not be generated in latex format. The ps.Z files can be downloaded from:

http://titus.phy.qub.ac.uk/group/Ali/pubs9596.html
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