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Abstract: The influence of surface structure on NO chemisorption and dissociation on Pt{100}-(1×1),
Pt{211}, and Pt{410} has been studied using density functional theory slab calculations with the generalized
gradient corrections. The presence of steps on Pt{211} strengthens the NO-surface chemisorption bond,
but the barrier for NO dissociation remains high. On the other hand, the steps on Pt{410} help to stabilize
the N and O adatoms that form upon dissociation and the transition state. The calculated barrier of 80.2
kJ/mol on Pt{410} is in good agreement with experiment. These results show that both the presence of
steps and the nature of the steps are important to activate NO. An ensemble of square-arranged Pt atoms
has been identified as an important feature in activating the N-O bond.

1. Introduction

It is well recognized that metal surfaces not only provide a
template for reaction to proceed but also actively participate in
the surface reaction. The role of structural “defects” in
heterogeneous reactions has been studied both experimentally
and theoretically. It is difficult, however, to quantify their effects
in practice because of the random nature of these defects. There
is abundant experimental evidence from UHV surface science
as well as theoretical studies that indicates adsorbed atoms on
transition metals are held stronger at the more open surfaces as
well as step and kink sites than on the terrace sites. These high-
binding energy sites have been shown to have superior catalytic
activity for reactions involving bond-breaking processes. It has
been well documented that the bond breaking of adsorbed
molecules shifts to lower temperatures on rough and more open
surfaces.1,2

The catalytic reduction of NOx is one of the important
reactions that take place in the three-way catalyst,3 which
contains platinum. Although alternative pathways such as NO
coupling were suggested,3,4 the dissociation of NO over the
surface is believed to be an important step in this reduction.5

As such, the adsorption and dissociation of NO have attracted
great attention. In the earlier 1980s, Masel et al. studied a series
of platinum stepped surfaces for NO dissociation and found that
this reaction was strongly dependent on the surface structure.6-18

The {111} surface was found to be essentially inactive. The
{410} surface, on the other hand, was shown to have signifi-
cantly higher reactivity for NO decomposition. More than 90%
of the NO dosed onto the surface was dissociated. N2 desorption
from NO-dosed Pt{410} surface was found to follow simple
second-order kinetics,8 with an activation energy of 75.4 kJ/
mol and preexponential of 3× 10-2 cm2 s-1. The saturation
coverage of NO at room temperature was found to be about
half that of CO on the same surface, suggesting that NO
occupies up to two sites. Banholzer and Masel tried to rationalize
their results on the basis of the orbital symmetry conservation
model.8 This is analogous to the Woodward-Hoffmann rule,
which has been widely used to explain organic and inorganic
reactions.19 For NO activation, electrons are transferred from
the σ andπ orbitals of the NO molecule to the metal d bands,
while the d electrons are transferred to theσ* and π* orbitals
of the molecule. The symmetry of the metal d orbitals of the
surface was believed to determine the reactivity of a particular
surface. A comparison of NO decomposition on Pt{210} and
{410} showed that the{410} surface is considerably more active
than{210} for this reaction, although the geometry of the steps
is identical on the two surfaces and the step density is even
higher on the{210} surface.15 Therefore, it seems that NO
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decomposition is sensitive to not only the steps but also the
arrangement of the atoms in the step.

Hammer and co-workers reported a number of density
functional theory studies of NO dissociation on stepped Pd and
Ru surfaces.20-25 The stepped Pd{211} has been found to
enhance the reactivity only marginally, reducing the NO dis-
sociation barrier from 219 kJ/mol on Pd{111} to 193 kJ/mol
on Pd{211}.20,21 In contrast, steps artificially created on the
Ru{0001} surface have been found to increase the reactivity
toward NO dissociation dramatically. The reaction barrier is
decreased from 123.5 kJ/mol on the flat surface to 14.5 kJ/mol
on the stepped surface.22,23

In the present study, we study the structure sensitivity of Pt
by examining the adsorption and dissociation of NO on three
structurally different Pt surfaces:{100}, {211}, and{410}. We
show that it is not enough only having steps: the local
geometrical structure plays an important role in determining the
reactivity of a surface.

2. Calculations

Total energy pseudopotential calculations were performed within the
framework of density functional theory using a basis set consisting of
plane waves.26-28 It has been well established that NO loses its spin
identity on the Pt surface.29 Therefore, a spin-restricted formalism was
adopted in the present calculation. Ultrasoft pseudopotentials with a
cutoff energy of 320 eV were used to describe electron-ion interaction
in the calculation. The exchange and correlation energies are calculated
with the Perdew-Wang form of the generalized gradient approximation
(GGA).30 A second-order Methfessel-Paxton smearing31 with a width
of 0.2 eV was used, and the total energy was extrapolated to 0 K.

The surfaces are modeled using a slab inside a supercell. The GGA-
calculated lattice constant of 3.99 Å for Pt was used in the calculations
to construct the slabs. Throughout our calculations, we adopted the
one-sided slab approach, i.e., placing the adsorbate on one side of the
slab and allowing the atoms in the top layers of the slab along with the
adsorbate to relax. This approach has been shown to adequately describe
many molecule-surface systems.32 The structural details of the slab
for the {100}, {211}, and {410} surface will be described in the
corresponding sections. Frequency analyses have been performed for
some of the adsorption configurations and transition states.

3. Results and Discussion

3.1. NO on Pt{100}-(1×1). The bulk terminated Pt{100}
surface is metastable and will reconstruct to a more stable phase
in which the surface layer atoms form a quasi-hexagonal
structure. This quasi-hexagonal reconstruction can be lifted by
adsorption of various adsorbates, such as CO, NO, O2, and
ethylene.33 It has been suggested that the surface reconstruction
is the driving force of the oscillatory behavior of CO oxidation

on this surface.34 The reconstructed quasi-hexagonal surface
phase has a very low reactivity, and here we examine only NO
adsorption and dissociation on the (1×1) surface phase.

A slab containing four layers of platinum atoms with a
vacuum equivalent of six layers of platinum,∼12 Å, was used
in our calculations for NO adsorption and dissociation on
Pt{100}-(1×1). Figure 1 shows a schematic top view of the
surface and the (2×2) surface unit cell used in the calculation.
The high-symmetry sites for adsorption are also labeled in the
figure.

In Table 1 we list the adsorption energy and structure of NO
on all these sites at 0.25 ML coverage, corresponding to one
NO molecule per surface unit cell. The adsorption energies and
structures for O and N adatoms are compiled in Table 2. These
results show clearly that NO and atomic O favor the bridge
sites, while atomic N prefers the hollow site. In the bridge site,
NO adsorbed with its molecular axis normal to the surface is
the most favorable configuration, with an adsorption energy of
214.4 kJ/mol. Our present results are in good agreement with
previous reported DFT calculations by Ge et al.35 and Eichler
and Hafner.36,37In addition, we find that NO can also be strongly
adsorbed in a bridge configuration with the N-O molecular
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Figure 1. Schematics of Pt{100}-(1×1) with the surface unit cell used in
the calculations: T, B, H represent the possible adsorption sites for NO.

Table 1. GGA Adsorption Energies and Structures of NO on
Pt{100}-(1×1) and Changes in Averaged First- and Second-Layer
Spacing and Corrugations in the First and Second Layer

bridge

atop upright parallel hollow

Eads(kJ/mol) -136.6 -214.4 -166.5 -157.8
dN-O (Å) 1.179 1.205 1.234 1.220
dN-Pt (Å) 1.818 1.983 1.911 (2.170)a 2.314
(dh12-d)/d (%) -2.3 0.0 -0.8 0.3
δ1 (Å) 0.29 0.20 0.23 0.0
(dh23-d)/d (%) -1.1 -0.4 -1.2 -0.2
δ2 (Å) 0.0 0.02 0.0 0.14

a O-Pt bond length,dO-Pt, for this configuration.

Table 2. GGA Adsorption Energies and Structures of N and O
Adatoms on Pt{100}-(1×1) and Changes in Averaged First- and
Second-Layer Spacing and Corrugations in the First and Second
Layer

N O

bridge hollow bridge hollow

Eads(kJ/mol) -77.1 -65.8 -109.3 -74.6
bond length (Å) 1.866 2.124 1.961 2.237
(dh12-d)/d (%) 0.0 2.4 -0.8 0.0
δ1 (Å) 0.20 0.0 0.17 0.0
(dh23-d)/d (%) -0.7 -0.1 -0.9 0.2
δ2 (Å) 0.05 0.23 0.02 0.21
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axis almost parallel to the surface, the “side-on” configuration.
The adsorption energy of NO in this configuration is 166.5 kJ/
mol. To be certain that the side-on geometry is a truelocal
minimum, we distorted the relaxed structure slightly by rotating
and displacing the NO molecular axis while maintaining NO at
the same height above the surface. These distortions break the
2-fold symmetry and should allow NO to escape from this
configuration if it was trapped because of the symmetry
constraint. The full relaxations starting from these distorted
geometries lead to the same final configuration, indicating that
this state was indeed a true local minimum. Figure 2 shows the
detailed structural parameters of NO in this lying down
adsorption mode.

Normal-mode frequencies for NO at this configuration were
calculated by diagonalizing the Hessian matrix from finite
displacement calculations. All the frequencies involving NO and
surface Pt atoms are real, further confirming that this config-
uration is indeed a local minimum. The N-O stretching
frequency at this configuration is calculated to be 1339 cm-1,
compared with 1601 cm-1 for NO in the most stable upright
bridge configuration. Although the observation of the side-on
adsorbed NO species on Pt{100} has not been reported
experimentally, it has been suggested on Rh{100} on the basis
of results from high-resolution electron energy loss spectros-
copy38 and on Ni{100} on the basis of results from X-ray and
ultraviolet photoelectron spectroscopies.39 Loffreda et al.40 have
shown recently that the center of the “lying down” NO on
Rh{100} is above the hollow site with the molecular axis almost
parallel to the surface. The side-on species has been considered
to be a precursor or intermediate leading to NO dissociation.41

The side-on NO species found in the present study is different,
as it lies along the bridging Pt atoms. We show later that this
NO species is not active for dissociation. A similar configuration
was found for NO adsorbed on Rh{110} at the short-bridge
site in a recent DFT-GGA study.42 These authors reported that
adsorbed NO bound in a side-on geometry is about 20 kJ/mol
less stable than the most stable upright configuration.42

Adsorption is usually accompanied by substantial relaxation
of substrate, and accurately determining the structure of an
adsorption system has been one of the main goals of surface
science studies. In agreement with the previous study,35 the clean
(1×1) surface exhibits strong inward relaxations, by 4.1% and
1.2% for the first and second layer, respectively. Adsorption of
NO, N, and O causes the top layer atoms to relax outward. The
extent of the relaxation depends on the particular adsorption

site probed and the strength of the chemisorption bond that
forms. For example, the adsorption of a N adatom at the hollow
site of Pt{100} causes the top layer Pt atoms to relax outward
by 2.3% with respect to their bulk terminated positions. The
relaxation upon NO and O adsorption, however, only pulls the
surface Pt atoms back to their bulk terminated positions.
Adsorption at the bridge and atop sites also results in corruga-
tions within the top layers. The extent of this corrugation is
tabulated in Tables 1 and 2.

NO dissociation is thought to be the most important step in
the NO reduction process. Within a (2×2) surface unit cell, we
isolated the transition state for NO dissociation by using the
nudged elastic band method.43,44NO starts upright at the bridge
site and dissociates into coadsorbed N and O adatoms, with a
total coverage of 0.5 ML. The most stable configuration at this
coverage is one in which the N and O adatoms occupy parallel
bridge sites which sit on opposite sides of the hollow site that
lies between them. This elementary step is endothermic, with
an overall reaction energy of 86.1 kJ/mol. Along the reaction
pathway, the NO molecular axis tilts toward the surface initially.
This is followed by stretching of the N-O bond over the hollow
site. The coupled translation and rotation modes of the bridge-
bonded NO contribute to the initial stage of NO activation.
Figure 3 shows the images of the reactant, transition, and product
state for this elementary step. This reaction is characterized by
a late transition state, whereby the N-O bond is stretched from
1.205 to 1.915 Å. The barrier of this dissociation path is
calculated to be 93 kJ/mol, in agreement with the value by
Eichler and Hafner.37

We also explored the possibilities of dissociating NO from
the side-on configuration. The path that involves NO dissociation
to the neighboring bridge site over an atop Pt atom can be ruled
out on the basis of the larger energy difference between the
immediate product state, coadsorbed N and O adatoms in the
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Figure 2. Structure of the “side-on” NO at the bridge sites on Pt{100}.

Figure 3. Images of NO dissociation on Pt{100}-(1×1): (a) reactant state;
(b) transition state; (c) product state. The N-O distances in all the states
are labeled.
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bridge sites of the same Pt row. This energy difference is 142.6
kJ/mol, significantly higher than the dissociation barrier over
the hollow site to the opposite bridge site of the next Pt row.
An alternative path involves NO activation over the neighboring
bridge site of the perpendicular Pt rows. This pathway was
calculated to have a barrier of 136.7 kJ/mol. Furthermore, we
would point out that both the reaction energy and activation
barrier for this configuration were calculated with respect to
the energy of the side-on adsorption mode. If the energy to
activate NO from the most stable upright bridge configuration
were taken into account, the overall energy cost and reaction
barrier would be even higher. A third possibility is that NO
rolls over to the hollow site. Along this pathway, NO dissociates
via a transition state that is similar to the one shown in Figure
3b. However, NO would have to overcome a barrier to reach
this state, as the side-on configuration is a local minimum. The
path through the side-on adsorption mode as a precursor for
NO dissociation is therefore at least as high as that from the
bridge-bonded NO. The most favorable pathway is that where
NO dissociates across the 4-fold hollow site with no metal atom
sharing between the N and O adatoms that form on the surface.
This acts to remove the repulsive interactions that exist when
two dissociating fragments share metal atoms.45 The removal
of the repulsive interactions helps to stabilize the transition state
and lower the reaction barrier.

3.2. NO on Pt{211}. Pt{211} consists of three atom wide
{111}-type terraces and{100}-type single atom steps. The low
symmetry of the stepped surface opens up more sites where
NO as well as its dissociative products, N and O adatoms, can
be adsorbed. The surface unit cell as well as the possible
adsorption sites examined are shown in Figure 4a. For clarity,
we present a schematic view of the surface showing the steps
in Figure 4b. The slab consist of 12{211} layers, which is
equivalent to four{111} layers. We will discuss adsorption and
dissociation in turn in the remainder of the section.

3.2.1. Adsorption.We first examined a series of adsorption
sites along the〈1h11〉 direction on the surface. In particular, two

high-symmetry planes have been probed: one passes through
the bridge sites, while the second passes through the atop sites
on the step edge. Table 3 lists the calculated binding energies
and bond lengths of N-O and N-Pt at various sites on the
{211} surface, as shown in Figure 4a. The polar angle (θ) of
the N-O molecular axis with respect to the surface normal is
also given in the table. Clearly, the bridge site at the edge of
the step is most stable for NO adsorption, with an adsorption
energy of-232.1 kJ/mol. This is similar to NO adsorption on
the reconstructed (1×2) surface phase of Pt{110}.46,47 At this
configuration, the NO molecular axis is slightly tilted toward
the lower terrace, by∼2°. We also isolated a minimum for NO
at this site but with its molecular axis almost normal to the{111}
terrace. The chemisorption bond for NO in this configuration
is only slightly weaker than the most stable bridge structure,
listed as site A1 in Table 3. This indicates that the coupled
translation-rotation of NO in the bridge site on the edge of the
step is a very soft mode.

As NO is moved toward the bottom of the step on the{111}
terrace, the chemisorption bond between NO and the surface is
greatly weakened, as manifested by the decreased adsorption
energy, from-191.4 kJ/mol of the hollow site close to the top
of the step edge (site B in Figure 4a) to-131.5 kJ/mol of the
hollow site at the bottom of the step edges (site D). As a
consequence, NO adsorption will be favorable at the top of the
step edge, which is in agreement with the expected high
reactivity of stepped surfaces for adsorption.

3.2.2. Dissociation.To establish the final state for the NO
dissociation pathways over Pt{211}, we computed the combined
N and O adsorption energies for the coadsorbed N and O
adatoms at different configurations on the surface, as shown in
Figure 5. The combined N and O adsorption energies are
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10460.

(46) Brown, W. A.; Ge, Q.; Sharma, R. K.; King, D. A.Chem. Phys. Lett.1999,
299, 253-259.

(47) Ge, Q.; Brown, W. A.; Sharma, R. K.; King, D. A.J. Chem. Phys.1999,
110, 12082-12088.

Figure 4. Schematics of a Pt{211} surface, with (a) top view with the
surface unit cell used and adsorption sites examined; (b) perspective view
showing the{111} terrace and{100} step.

Table 3. GGA Adsorption Energies and Structures of
Chemisorbed NO on Pt{211}

Eads (kJ/mol) dN-O (Å) dN-Pt (Å) θ

A -232.1 1.207 1.982 -1.9
A1 -226.6 1.208 1.992 16.3
B -191.3 1.219 2.096(2), 2.162 14.6
C -79.1 1.176 1.846 -4.9
D -131.5 1.230 2.003, 2.105(2) 19.3
E -168.7 1.177 1.822 2.2
F -175.9 1.222 2.083, 2.104(2) 12.0
G -150.6 1.218 2.066(2), 2.149 16.6
H -170.3 1.205 1.948, 2.009 -31.4

Figure 5. Possible combinations of coadsorbed N and O adatoms on
Pt{211} as products of NO dissociation. The blue and red dots represent N
and O adatoms, respectively.
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calculated with respect to the gas phase NO molecule. The
energies as well as the structure parameters for different
configurations are given in Table 4. These configurations of
coadsorbed N and O adatoms are not necessarily the lowest
energy combinations but are the direct dissociation products that
can form from the corresponding NO adsorption states.

We explored seven possible NO dissociation paths, focusing
on the paths that occur in the vicinity of the step. The first path
starts from NO chemisorbed in the most stable bridge site on
the step edge. As the reaction proceeds, the N-end of the
molecule slides down the step slightly while the NO molecular
axis rotates inward toward the surface of the upper terrace. The
N atom ends up at a pseudo 4-fold site on the{100} step which
is formed by the edge atoms of the upper terrace and the atoms
at the bottom of the steps and the oxygen atom in the 3-fold
site close to the edge of the upper terrace. This reaction is
endothermic, with a reaction energy of 225.4 kJ/mol. Cor-
respondingly, the barrier of this reaction pathway is very high,
at 303.5 kJ/mol. The N and O adatoms that form in the transition
state share the bridging Pt atoms on the step edge, as shown in
Figure 6I. This leads a strong repulsive interaction, which is
the main reason for the high activation barrier.

The second pathway starts with NO in the same adsorption
state as in the first path. In the product state, N is adsorbed in
a 3-fold hollow site on the lower terrace while O is bound to
the bridge site at the top of the step edge. The overall reaction
energy of this path is 92.9 kJ/mol. The path is quite similar to
the previous one where the N-end of the molecule slides down
the step while NO bends toward the surface. The transition state
for this reaction is one in which the N and O adatoms occupy
the bridge sites that sit across the pseudo 4-fold site of the{100}
step. The barrier of this reaction pathway is 220 kJ/mol, which
is lower than the previous pathway but still significantly higher
than that over the 4-fold hollow site on the Pt{100} surface.
This is due to the fact that although N and O adatoms do not
share surface Pt atoms anymore, the Pt atoms at the bottom of
the step have 10 Pt neighbors whereas the Pt atoms at the flat
{100} surface have only eight neighbors. A higher coordination
of the Pt atoms would weaken their interaction with adsorbates
and thus increase the barrier for activation over that on the{100}
surface.

The third pathway also starts from the same initial state as
the previous two paths. However, the N-end of chemisorbed
NO does not slide down the step. Instead, the O-end swings
toward the lower terrace while the N-end remains at the bridge
site on the top of the step edge. The final state for this path is
one in which N is chemisorbed at the bridge site at the top of
the step edge while O sits in the pseudo 3-fold site on the lower
terrace. This path is actually more endothermic than the previous
path, with an overall reaction energy of 137.1 kJ/mol. The
activation barrier for this path is also higher, at∼317.8 kJ/mol.

The fourth pathway starts with NO adsorbed at the bridge
site on the{100} step, site H as shown in Figure 4. NO
dissociates over the hollow site on the{100} step, similar to
that on an ideal{100} surface. This elementary step corresponds
to an overall reaction energy of 120.1 kJ/mol and a barrier of
126.5 kJ/mol. These values are higher than but comparable with
the reaction and activation energies on the ideal{100} surface,
as shown in the previous section. However, it is important to
remember that NO adsorbed in site H is 61.9 kJ/mol less stable
than NO in the most stable bridge sites on the step edge.
Although the barrier for this reaction path appears low, it
requires an activation of NO from the most stable bridge site
on the upper terrace to the meta-stable bridge site on the{100}
step before NO dissociation can proceed along this pathway.

Along the fifth and sixth pathways, NO dissociation occurs
along the{111} terrace. The fifth pathway occurs closer to the
edge of the terrace than the sixth. The dissociations along these
pathways are very similar to that on the Pt{111}. The overall
reaction energies are 99.0 and 73.2 kJ/mol and the reaction
barriers are 213.8 and 200.4 kJ/mol, for the fifth and sixth
pathways, respectively. These values are in agreement with the
reaction energy (76.7 kJ/mol) and barrier (210 kJ/mol) that we
calculated for NO dissociation over Pt{111}. They are also in
good agreement with the activation barriers of 203 and 193 kJ/
mol for NO dissociation on the{111} terraces of Pt{533} and
Pt{553}, respectively, reported recently by Eichler.48 Similarly,
we need to take into account the energy differences required to

Table 4. GGA Adsorption Energies (with respect to molecular
NO) and Structures of Coadsorbed N and O Adatoms on Pt{211}

Eads (kJ/mol) dN-O (Å) dN-Pt (Å) dO-Pt (Å)

I 7.5 2.867 2.122(2), 2.158(2) 2.140, 2.108(2)
II -139.3 2.911 1.913, 1.969(2) 1.950(2)
III -95.1 2.957 1.857(2) 2.019, 2.044(2)
IV -53.1 2.822 1.838, 1.885 1.938, 1.983
V -92.3 2.830 1.960, 1.956(2) 2.974, 2.093(2)
VI -102.7 2.826 1.943, 1.970(2) 2.031, 2.099(2)

Figure 6. Seven (I-VII) possible NO dissociation pathways on Pt{211}.
The images on the left, middle, and right represent reactant, transition, and
product states of the local reaction path. The small blue and red balls
represent N and O, respectively. Detailed structure parameters of the final
states are given in Table 4.
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populate the initial NO adsorption states for these paths and
the most stable NO state when we compare the overall and
activation energies of these pathways with those of others.

The seventh and last pathway we examined on this surface
is that where NO starts from a hollow site at the bottom of the
step, site D. As the reaction proceeds, the molecular axis of
NO leans toward the step and the N-O bond begins to stretch.
The final state for this path is one in which nitrogen sits in the
pseudo 4-fold site on the{100} step and the oxygen in the 3-fold
site on the edge of the upper terrace. This is the same product
as that found in path II. However, this pathway differs from
path II in that its transition state is closer to the lower terrace.
The reaction from NO in this state to the coadsorbed N and O
atoms state is exothermic, with a reaction barrier of 64.8 kJ/
mol. Even if we take the energy difference between the starting
NO state and the most stable NO adsorption state, 100.6 kJ/
mol, the overall barrier is still the lowest among all the NO
dissociation pathways on Pt{211} examined here.

A summary of all seven pathways with the schematic
structures and energetics is given in Figure 6. Overall, path VII
has the lowest intrinsic barrier, at 64.8 kJ/mol. The intrinsic
barrier for path IV is also relatively low. Even if we take into
account the energy cost to activate NO from the most stable
adsorption site, site A in Figure 4, the effective barriers for these
two pathways are still more favorable than the rest of the
pathways. All the other five pathways examined here have
significantly high intrinsic barrier, more than 200 kJ/mol. A
common feature of the two low barrier pathways is that the
dissociation takes place over a hollow site of the square-arranged
Pt atoms, thus eliminating any metal sharing in the transition
state.

3.3. NO on Pt{410}. Pt{410} consists of the{100}-type
terraces and the{110}-type single atom steps, as sketched in
Figure 7. The{410} cut of the surface is about 11° off the{100}
terrace. The main reason for choosing this surface was due to
the extraordinary reactivity of this surface exhibited toward NO
dissociation, as demonstrated by the ultrahigh-vacuum experi-
mental results.8

As we showed in the previous section, the existence of a step
edge will help to strengthen the NO-surface bond. We will
therefore concentrate on the possible dissociation pathways that
occur within the vicinity of the step edge rather than thoroughly
explore all conceivable NO adsorption and activation sites. From
the results of NO on Pt{100}, we learned that NO strongly
favors the bridge sites. Therefore, we examined the bridge sites
across the{100} terrace from the edge to the bottom of the
steps, as depicted in Figure 7.

The calculated adsorption energies for NO at various bridge
sites and one atop site are listed in Table 5. Not surprisingly,
the results show that the strongest binding occurs at the site
close to the step edge, with an adsorption energy of-216.8
kJ/mol. As NO was moved toward the bottom of the step on
the{100} terrace, the NO chemisorption bond becomes weaker
and the adsorption energy is reduced to-201.0 kJ/mol. The
NO adsorption energies at a bridge site in the middle of the
{100} terrace is similar to that on the{100} surface, at ca.-210
kJ/mol. The chemisorbed NO at the bridge site of the{110}
step between the upper and lower terrace is far less stable. The
adsorption energy at this site is only-159.6 kJ/mol. NO in
this site is even less stable than the NO at the atop site of the
edge Pt atoms. The adsorption energy of the edge-bound atop
NO is -196.0 kJ/mol. This adsorption energy is almost as high
as that of the bridge-bonded NO. At this atop site, NO is
adsorbed in a highly bent geometry. The N-Pt bond axis is
tilted toward the lower terrace by 10° from the surface normal,
while the N-O bond axis is tilted in the opposite direction
toward the upper terrace by 25.1°, leading to∠ONPt) 143.9°.
As NO in this site is primarily coordinated to a single Pt atom,
the bond lengths of both the N-Pt and N-O bonds are relatively
short, as shown in Table 5.

As shown in the previous section on Pt{100}, the barrier for
NO dissociation on the ideal (1×1) structure of the{100}
surface is modest, at∼95 kJ/mol. We would expect both the
endothermicity and the reaction barrier will be lower on the
{410} surface, as the step edge provides extra stabilization for
the product states and perhaps the transition state. Several
possible reaction pathways were explored in the vicinity of the
step. In particular, we examined a possible transition state that
is similar to the configuration on the{100} surface, with N-O
occupying a 4-fold hollow site close to the step edge and the
N-O axis being almost parallel to the{100} terrace. The results
of vibrational frequency analysis confirm that this state is a
transition state. The activation energy of this transition state
with respect to the most stable NO adsorption state is 106 kJ/
mol. However, searching with the nudged elastic band method
between the initial NO adsorption state and the final N and O
coadsorbed state did not lead to this transition state. Instead,
the pathway shown in Figure 8 was found to be most favorable.
This local reaction path starts from the most stable adsorption(48) Eichler, A. Personal communication, 2003.

Figure 7. Schematics of the Pt{410} surface: (a) perspective view showing
the terraces and the steps; (b) top view showing the unit cell used in the
calculation and the NO adsorption sites examined.

Table 5. GGA Adsorption Energies and Structures of
Chemisorbed NO on Pt{410}a

Eads (kJ/mol) dN-O (Å) dN-Pt (Å) θ (deg)

I -216.8 1.208 1.971, 1.994 3.8
II -210.3 1.208 1.985 4.5
III -201.0 1.205 1.966, 1.970 0.4
IV -159.6 1.228 2.007, 2.017 -22.2
T -196.0 1.186 1.857 25.1

a See Figure 7 for definition of the sites.
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state of NO where NO occupies the bridge site close to the top
of the step (site I). The NO molecular axis bends down onto
the{100} terrace. The final state for this reaction is that in which
N is adsorbed in the hollow site on the step edges while O sits
in the bridge site across a 4-fold site. The hollow site that N
occupies is formed from a 4-fold site on a{100} surface by
removing one of the four corner atoms to create the step. As
such, this site is a hollow site that does not exist on a flat surface.
Upon N adatom formation at this site, the interactions of Pt
atoms with the N adatom deforms this site to a pseudo-3-fold
site. This helps to stabilize the product, as manifested by the
low overall reaction energy of 31.1 kJ/mol, which is 60 kJ/mol
less than that on the ideal{100} surface.

The images for the reactant, transition, and product states
for this local path are shown in Figure 8. The barrier for this
pathway is calculated to be 80.2 kJ/mol, in good agreement with
the experimental value of 75.4 kJ/mol. Similar to that on
Pt{100}, NO dissociation takes place over a 4-fold hollow site
on the{100} terrace. The transition state again involves Pt atoms
with a square arrangement whereby the N and O adatoms that
form do not share metal atoms in the transition state. As
compared with the transition state on Pt{100}, this transition
state occurs even “later” along the reaction coordinate, as is
characterized by the increased N-O separation. To be certain
that the isolated state was indeed a transition state, we again
performed a frequency analysis for the determined transition
state. The results, which include the neighboring Pt atoms,
showed that there was only one imaginary frequency that
corresponded to the N-O stretching mode.

3.4. General Discussions.As we stated earlier, it has been
well documented that defect sites such as steps and kinks will
enhance the reactivity of a solid surface. We use NO adsorption

and dissociation on ideal Pt{100}-(1×1), Pt{211}, and Pt{410}
as model systems to examine the structure-related reactivity.
Earlier surface science experiments on single-crystal surfaces
show that Pt{100}-(1×1) is the only low-index Pt surface that
exhibits moderate reactivity toward NO dissociation.49 Pt{111}
is essentially inert for NO dissociation, and even the more open
{110} surface does not show appreciable reactivity.50

As shown in the present study, the steps on Pt{211} do not
enhance the reactivity toward NO dissociation, although they
indeed strengthen the NO-surface bond. In contrast, the
existence of steps on the{410} surface significantly lowers both
the overall reaction energy and the reaction barrier. In Figure
9, we plot our DFT-calculated activation energies on top of the
structure sensitivity diagram constructed by Masel, which
correlates NO dissociation rates as well as activation barriers
with the different faces of platinum.2 The results show that the
DFT-calculated activation energies agree reasonably well with
the experimental results.

One common feature on all the surfaces examined here is
that the transition states with lowest energy correspond to NO
dissociation over a hollow site of square-arranged Pt atoms
whereby the N and O adatoms that form are separated over two
different bridge sites. This removes metal-atom sharing in the
transition state, which significantly lowers repulsive interactions
in the transition state.

The N-O distance at all of the transition states examined
here is greatly stretched compared with the gas phase NO bond
length. The stretched N-O distance at the transition states
indicates that the barrier for NO dissociation on all the surfaces
is located at the exit channel, i.e., a “late transition state”. Late
transition states typically have structural and bonding properties
similar to that of the product states. This can be clearly seen in
the density of states (DOSs) plot shown in Figure 10. In Figure
10, we plotted the local DOSs of N (a-c) and O (d-f) for
starting NO chemisorbed state (a and d), transition state (b and
e), and final N and O coadsorbed state (c and f) for NO
dissociation on Pt{100}. The similarity for both N and O local
DOSs between transition and final states is self-evident. The
interactions with the metal atoms are reflected in the broad
features between-7.5 eV and the Fermi level, which are the
results of the mixing betweenπ (or p) states of NO (N or O
atoms) with the metal d states of Pt.

Hammer22 proposed to decompose the transition state poten-
tial energy (Ets), the total energy at the transition state with
respect to the gas phase NO, into rebonding energy (Erebond)
and intramolecular interaction energy (Eint) between N and O
atoms at the transition states:

Obviously, both the rebonding and the intramolecular interaction
energies depend strongly on the structure of the transition state.
We examined the transition states with the lowest energies on
each of the surfaces and noted that all the transition states
occupied a site with square-arranged Pt atoms. With this
arrangement, there is no metal sharing between N and O atoms
at the transition state. The interaction energies calculated are
44.7, 47.2, and 43.8 kJ/mol for{410}, {100}, and {211},

(49) Gorte, R. J.; Schmidt, L. D.; Gland, J. L.Surf. Sci.1981, 109, 367.
(50) Gorte, R. J.; Gland, J. L.Surf. Sci.1981, 102, 348-358.

Figure 8. Images of NO dissociation on Pt{410}: (a) reactant geometry;
(b) transition state; and (c) product state.

Ets ) Erebond+ Eint
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respectively. The nearly constant intramolecular interaction
energies for these paths on different surfaces is another
indication that the transition states are of similar structures.
According to Hammer,22 the transition state potential, and
therefore, the reaction barrier, will be governed by the rebonding
energy of N and O at the transition states. A correlation between
the activation energy of NO dissociation on the three surfaces
is plotted against the rebonding energy in Figure 11. The
enhanced reactivity on{410} can be attributed to the increased
rebonding potential of N and O at the transition state. Liu and
Hu performed similar but slightly different analyses for C-O
and C-H bond breaking on a number of metal surfaces.51,52

These analyses are in essence the same as the Hammet and
Hammond53,54relationships which state that the energies of the

product state can be used as a measure of the activation energy
for a reaction with a late transition state.

4. Conclusions

We have used the density functional theory total energy
method to study NO adsorption and dissociation on the
{100}-(1×1), {211}, and{410} surfaces of Pt. We demonstrated
that both the presence of defects and the local geometry of the
defects are important in determining the reactivity of a surface.

The presence of steps on{211} and{410} opens more sites
for NO adsorption. Both surfaces show increased reactivity
toward NO adsorption at the edge of the steps, manifested by
the higher binding energy of NO on these surfaces than on flat
surfaces. However the presence of steps on Pt{211} does not
increase its reactivity for NO dissociation. NO dissociation on
Pt{410} has the lowest barrier among all three surfaces, with
an activation energy of 80.2 kJ/mol, in agreement with earlier
experiment results.

The dissociation of NO is characterized by a late transition
state. The surface atoms with a square arrangement are found

(51) Liu, Z.-P.; Hu, P.J. Chem. Phys.2001, 114, 8244.
(52) Liu, Z.-P.; Hu, P.J. Am. Chem. Soc.2003, 125, 1958.
(53) Hammet, L. P.J. Am. Chem. Soc.1937, 59, 96.
(54) Hammond, G. S.J. Am. Chem. Soc.1955, 77, 337.

Figure 9. Comparison of the DFT-calculated NO dissociation activation energies for different faces of platinum with experimental results, as shown in the
structure sensitivity diagram constructed by Masel, adapted from ref 2 by permission of John Wiley & Sons, Inc. Copyright ©1996.

Figure 10. Local density of states of N and O for NO dissociation on
Pt{100}. N local DOSs for final state (a), transition state (b), and NO (c);
O local DOSs for NO (d), transition state (e), and final state (f).

Figure 11. Correlation of NO dissociation barriers on Pt{410}, {100},
and{211} with the rebonding energy of N and O on these surfaces.
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to form an ensemble that provides the active site for NO
dissociation on all three surfaces. The square arrangement of
the atoms at the active site produces an environment where metal
sharing for N and O adatoms at the transition state is removed,
thereby enhancing the rebonding of N and O to the surface.
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