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CO Oxidation on Pt(111): An Ab Initio Density Functional Theory Study
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CO oxidation on Pt(111) is studied witdb initio density functional theory. The low energy pathway
and transition state for the reaction are identified. The key event is the breaking of an O-metal bond
prior to the formation of a chemisorbed €®nolecule. The pathway can be rationalized 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. [S0031-9007(98)05879-7]

PACS numbers: 82.30.—b, 82.20.Kh, 82.65.Jv

It has been known for a long time [1] that the oxidation energy-filter optimization scheme were employed, and the
of CO can be effectively catalyzed by certain transitionelectronic orbitals were expanded up to 500 eV cutoff [13].
metals. This phenomenon has since come to prominencehe pseudopotentials accurately reproduced the properties
both for its intrinsic scientific interest and for its immense of the isolated systems, including equilibrium lattice con-
technological importance [2]. For example, car exhausstant of Pt, the CO bond length and vibrational frequency,
catalytic converters, widely used since the 1970’'s tcand the CQ bond lengths and vibrational frequencies.
remove CO and other pollutants from exhaust emissionCalculations were done using a Monkhorst-Pack mesh of
have as their active components transition metals such X 2 X 1 and convergence with respectkepoint sam-
as Pt, Pd, or Rh supported on metal oxides. Spurregdling was checked using @ X 6 X 1 mesh. A realis-
by such technological interest CO oxidation on transitiontic electronic temperature (800 K) in the finite temperature
metal surfaces has become one of the most widelgensity functional was employed. We searched for the low
studied catalytic reactions [2-5]. It remains, howevergenergy pathway taking us from G@(2 X 2)-O/Pt(111)
inadequately understood. In order to provide insight intdo chemisorbed COusing a constrained minimization
the development of new catalysts, two important questionscheme. In this approach, we keep the C-O(a) distance
can be phrased as follows: (1) What is the transitiorfixed at preselected values, and minimize the total energy
state in this reaction? (2) What is the physical originwith respect to all remaining orthogonal degrees of free-
of the reaction barrier? Answers to the second questiodom. In particular this means that the molecules are free
are crucial since the reaction rate, i.e., the efficiency ofo rotate and translate subject to the above constraint, and
the catalyst, decreases exponentially with the energetin addition the surface Pt atoms are allowed to relax. The
barrier, and it is obvious that the answer to the firsttransition state (TS) is identified by requiring (a) that the
guestion must be sought before the second can be tacklednic forces at the TS vanish and (b) that the TS is a maxi-
In this Letter we focus on these two issues. mum along the reaction coordinate [i.e., C-O(a) distance],

We used a finite temperature formulation of densitybut a minimum with respect to all remaining degrees of
functional theory [6], using nonlocal pseudopotentials andreedom. The resulting pathway gave a smooth passage
a plane wave basis set, as implemented in the eat®  from the initial to final state, which is shown in a series of
[7]. In this method, the self-consistent electronic den-snapshots in Fig. 2.
sity is computed using an efficient iterative diagonalization
[8] of a high-temperature density matrix, together with a
conventional density-mixing scheme. Calculations were
done using both the local density approximation (LDA) [9]
and with gradient corrections (GGA) [10,11] to the LDA.
We focused on a system that is well characterized ex-
perimentally: the CQ@p(2 X 2)-O/Pt(111) coadsorption
system [12], in which the O atoms are chemisorbed on
hollow sites in ap(2 X 2) structure, and CO adsorbed on
top sites (Fig. 1). Our periodic system consisted of three
layers of Pt atoms (four atoms per layer), two O atoms,
and one C atom. In all the calculations, the bottom two
layers of Pt atoms were held fixed in their equilibrium g5 1 The geometry of the GO (2 X 2)-O/Pt(111) con-

positions, while the top layer of atoms was allowed to re<figuration. The unit cell in the surface plane is indicated with
lax. Soft pseudopotentials generated by using a kineticdotted lines.
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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. Tt
transition state is (€). In (h), the molecular geometry of the @@lecule is bond lengths-O(a) = 1.29 Aand GO(b) = 1.21 A

and bond angle 131 The gas-phase molecule is linear with a bond length of 1.16 A.

The initial motion in the reaction path is due to thethe O(a)-Pt(1) bond is completely broken, and electron
CO molecule moving towards the bridge sBe As the density contours indicate O(a) is bonded only to Pt(2) and
CO molecule arrives aB, the O(a) atom is displaced a Pt(3), while the CO molecule has become bonded to Pt(1).
small amount away towards the opposite bridge site The formation of the nascent C-O(a) bond occurs at the
[Fig. 2(c)]. The next event is pivotal. The CO molecule transition state, whergn,, has a small value 0.06 a.u.,
moves fromB onto Pt(1); theO(a) atom simultaneously but which rapidly grows to 0.35 a.u. as the two species
breaks its bond with Pt(1) and moves B [Fig. 2(e)]. come together. The calculated reaction barrier is 1.01 eV
This is the transition state. In the next few steps the COn the LDA and 1.05 eV in the GGA [Fig. 3(c)]. Both
molecule and O(a) atom move together to form a bond, irare in good agreement with the barrier of approximately
the process of which a second O(a)-Pt bond [Pt(3)] is brol eV deduced from kinetic experiments [3]. We remark
ken. This process is complete in Fig. 2(g). The nascerthat the difference in the energy barrier predicted by the
CO, thus formed, however, is in an unfavorable location onLDA and GGA is found to be very small in the present
the surface and displaces itself to give finally chemisorbedystem. The transition state has a very interesting feature:
CO,, which is a highly bent and stretched molecule asymDistance between C and O(a) is remarkably long, 2.1 A,
metrically bonded with the surface [Fig. 2(h)], with O(a) compared to the bond length (1.16 A) between C and O
bonded to Pt(2) and the C atom to Pt(1). in CO, molecules. It indicates that the direct repulsion

The chemical bonding changes dramatically in thebetween chemisorbed CO and chemisorbed O atom may
course of this pathway. This can be seen by consideringot be so important in generating the reaction barrier.
the changes in the electron density, which are displaye@o find the physical origin of the reaction barrier, we
in two different ways in Figs. 3 and 4. Figure 3 showscalculated O chemisorption energies on Pt(111) without
the electron density in planes parallel to the surface. Th€0O. We found that O atoms bonded with three Pt atoms
motion of the CO molecule from the initial configuration on hollow sites (the same as that in the initial state) are
to B results in the spreading of electron density to theapproximately 0.6 eV more stable than the structure with
neighboring Pt(1) atom, while breaking the threefoldO atoms on bridge sites. Furthermore, the barrier to CO
symmetry of the electron density surrounding O(a). Indiffusion from a top site to a bridge site in the absence
fact, the value of the minimum charge densityi, along  of chemisorbed O atoms is very small, whereas it is
the O(a)-Pt(1) axis precipitously drops from 0.12 toapproximately 0.5 eV in the presence of such O atoms.
0.08 a.u.jndicating that the presence of the CO moleculeThe reason for this marked increase in energy is the
at B severely weakens that bondit the transition state, weakening of the O-Pt(1) bond which occurs when the
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FIG. 3. Electron density contours parallel to the surface. <
The plane of the contours is chosen as midway between the ul
z components of the C atom and O(a). The contours are w 0.5 1
logarithmically spaced. Black contours denote the highest ©)
electron density(H). The logarithmic spacindsS) is given 0 N\ ¢

below. Densities are in atomic units (a.u.). (a) G@2 X 0 ' 1 ' -

2)-O/Pt(111) (H: 0.89, S: 0.63); (b) CO on B (H: 0.86, S: 10 15 20 25 3.'0 35 4.0

0.68); (c) Transition statéH: 0.89, S: 0.65); (d) CO,/P111) C-0(a) separation/A

(H:0.89, S: 0.63). FIG. 4. (a) and (b): pmin for the O(a)-Pt and C-O(a) bonds,
respectively, along the reaction pathwaymin(4,B) is the
lowest value of the electron density along the axis from atom

CO molecule is on the bridge site. The competition forA to atomB. The change irpmin is a convenient measure of

forming surface bonds, therefore, results in a significanthe change in the strength of the chemical bond betweand
indirect repulsion between the CO molecule and the ¥ The reaction coordinate is taken as the C-O(a) distance.
atom, which generates a long transition state. The kif) The energies of the eight configurations shown in Fig. 2,

role of the weakening and breaking of an O-Pt bon %'ﬁé"fﬁ,é?g'éfww energy configuration. Dashed fine: LDA;
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 similaring incorporated as Cu-O-Cu chains [16]. The energetic
feature has been discussed in CO oxidation on Ru [4]. barrier to breaking such Cu-O bonds is highly unfavor-
These findings can explain many of the features foundble. On the other hand, O atoms chemisorbed at lower
experimentally. The chemisorbed €€pecies is a highly temperatures are more weakly bonded to hollow sites of
bent and asymmetric structure, with bond lengths subthe surface, and in this case the energetic barrier breaking
stantially longer than in the gas-phase molecule. On dea Cu-O bond is much lower, enabling the CO oxidation
sorption from the surface the molecule will be in highly reaction to occur at low temperatures.
excited vibrational states, as is observed experimentally The observed pathway has the feature of least bond
[14]. Modification of the O atom environment, for breaking. The initial motion of CO towards the bridge
example, by their adsorption at sites of surface defectsite B does not significantly weaken any chemical bond.
or in disordered configurations, may weaken their surAt the transition state only one O-Pt bond is broken,
face bonds, and should therefore require lower energiesnd the competition for bonding is limited to only one
for the reaction to proceed. Indeed this is observed exPt atom. In alternative pathways, for example, the linear
perimentally [12], where the CO oxidation reaction oc-trajectory taking the CO molecule to the O atom through
curs at lower temperatures when disorder is introduced ia hollow site involves the competition for bonding of the
the O atom chemisorption. The paradoxical behavior ofCO molecule with two Pt atoms which are simultaneously
CO oxidation on Cu can similarly be explained. In thisbonded to the O atom. This weakens two O-Pt bonds
case, the reaction does not occur easily if the O atoms a@nd we explicitly verified that it is much more energetic
chemisorbed at room temperature but takes place readiljn excess of 2 eV). It is plausible and in keeping
if they are chemisorbed at lower temperatures [15]. Wewith general physical principles [17] that minimizing
suggest the reason for this behavior is that at room tenthe competition for bonding with surface atoms and the
peratures the chemisorbed O atoms are tightly bonded, beumber of broken surface bonds are general features
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