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Abstract

Steric effects in O2 chemisorption and catalytic CO oxidation on stepped Pt(111)

surfaces have been investigated by scanning a narrow alignment-controlled O2 beam

across a curved Pt(111) surface, on which the densities of {100} (A-type) and {111}

(B-type) steps vary smoothly with the distance from the center of the crystal. The

contribution of trapping-mediated and activated chemisorption to these processes on

the terraces and steps were discussed based on the dependence of these processes on

the kinetic energy (80-500 meV) and alignment of O2. The results indicate that (i)the

probability of activated O2 chemisorption on surfaces with type-B steps is slightly lower

than that on surfaces with type-A steps, (ii) CO oxidation proceeds both at terraces

and steps at the sample temperature of 693 K while it happens only at terraces at

423 K. The results of CO oxidation experiments at 423 K indicate that the rate of

CO2 production at terraces of the stepped Pt(111) surface is lower than at a flat (111)

surface and depends on the step structure.

Introduction

O2 adsorption and CO oxidation on platinum (Pt) have been investigated intensively due

to their relevance to technologically important catalytic processes such as the O2 reduction

reaction in fuel cell and car exhaust gas purification. Since steps are considered to play key

roles in these reactions on nanoparticle catalysts, much effort has been made to clarify the

mechanism of these processes on stepped Pt using vicinal single-crystalline surfaces as model

systems.1 A cylindrical crystal where the step density varies smoothly on the surface, 2,3 or a

curved crystal, which is a part of the cylindrical single crystal, 4–12 have also been employed

since scanning the analysis point on the surface allows us to investigate the step density and

structure dependence of the reactivity under the same experimental conditions. Studies using

this methodology have also clarified the subtle effects of steps on the properties of adjacent

terraces, which may be difficult to observe with the use of high-index single-crystal surfaces.
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For instance, the combined use of high-resolution X-ray photoemission spectroscopy (XPS)

and a curved Pt(111) crystal has shown that the electronic properties of microterraces in

stepped surfaces are not identical to those of a flat surface, which can be attributed to the

strain induced by the step.8 The effects of the step structure on the temperature dependence

of CO oxidation together with the XPS characterization of the chemical species existing on

the surface under millibar pressure have been investigated using Pt, 4 Rh5 and Pd(111)6,7,13

curved crystals.

On the other hand, the mechanism of gas-surface reactions depends on the kinetic energy,

orientation, and internal state of gas-phase molecules that collide with the surface. Molecu-

lar beams with well-defined initial states have been used to clarify this. 14,15 Regarding the

O2/Pt(111) system, previous studies have shown that O2 dissociates via molecular chemisorp-

tion followed by thermal dissociation, and that two basic mechanisms exist for O2 molecular

chemisorption.16 One is the trapping-mediated process where O2 is initially trapped into the

physisorbed state and then thermally activated to the chemisorbed state. The other is the

chemisorption activated by the kinetic energy of impinging O2. The contributions of these

two processes mix in reaction experiments with thermal gases. Non-state-resolved O2 molec-

ular beam studies on high index surfaces 17 and curved crystal surfaces11 have shown that

steps enhance the probability of trapping-mediated chemisorption, while the probabilities of

activated chemisorption at the steps and terraces are not largely different. State-resolved

O2 beam studies on flat18 and high-index surfaces11,19 have shown that the probability of

activated chemisorption depends strongly on the O2 alignment relative to the surface lo-

cal structure while the trapping-mediated process does not. Considering the fact that the

strain induced by the step affects the electronic properties of terraces as demonstrated by

previous XPS/curved crystal studies,8 it might be reasonable to expect that the step also

affects alignment-dependent O2 chemisorption and the subsequent catalytic reactions on the

adjacent terrace. However, no attempts have been made to investigate this issue.

In the present study, we have studied alignment-dependent O2 chemisorption and cat-
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alytic CO oxidation on a curved Pt(111) surface. A narrow state-selected O2 beam was

scanned across a curved crystal to investigate the step density and O2 alignment depen-

dence of these processes. Although the overall behavior of the O2 sticking probability can

be understood based on the results of previous studies on flat and stepped Pt(111) surfaces,

the results show that O2 sticking probabilities on the terrace of the stepped Pt(111) are not

identical with those on a flat (111) surface. The step density dependence of the CO oxidation

rate indicates that the low-temperature CO oxidation proceeds only at the terrace of the

stepped surface. Using this fact, we will discuss the difference in the reactivity between a

terrace of the stepped Pt and a flat (111) surface.

Experiments

The experiments were conducted with a single spin-rotational state-selected [(J ,M) =(2,2)]

O2 beam prepared by combining a supersonic seeded O2/He beam with a hexapole mag-

net.20–22 The translational energy (E0) of the state-selected O2 beam was varied within a

range of 0.08-0.5 eV by adjusting the length of the hexapole and tuning the velocity of the

supersonic seeded O2 beam. The O2 internuclear axis is mainly perpendicular to the defining

magnetic field (Hdef ) while its electron spin is oriented parallel to the magnetic field in this

state.20,21 There are three non-equivalent geometries on a non-magnetic stepped Pt(111) sur-

face [Fig. 1(a)]. The O2 axis is mainly parallel to the (111) terrace [helicopter geometry (H)]

when Hdef// [111], while parallel and perpendicular O2 are distributed equally (cartwheel

geometry) when Hdef is parallel to the (111) terrace. Two non-equivalent cartwheel geome-

tries exist. The O2 axis is perpendicular to the step direction if Hdef//[11̄0] [CZ in Fig. 1(a)]

while it is parallel to the step (CY ) if Hdef // [1̄1̄2]. A comparison of the reactivities in the

CY and CZ geometries permits the discussion of the alignment effect relative to the step

direction.11 In this study, however, since we focused our attention to the alignment effect

in O2 chemisorption on the terrace of the stepped Pt surfaces, only the difference in the O2
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sticking probability and CO oxidation between the H and CZ geometries will be presented.

The molecular beam apparatus is connected to an analysis chamber where the O2 sticking

and surface reaction experiments are conducted. A slit with an opening of ∼0.2×2 mm was

used as the final aperture of the beamline to prepare a narrow aligned O2 beam. The O2

sticking probability was measured at normal incidence to the (111) terrace and at a sample

temperature of 313 K using the King and Wells (KW) method 23 with an ion gauge (IG). The

KW traces at about 10 different points on the surface were taken at one time for a cleaned

curved Pt(111) surface by scanning the sample position with a stepping motor. Since the

O2 pressure in the analysis chamber during the KW measurement was < 2×10−10 Torr and

the beam irradiation time for taking one KW trace was ∼20 seconds, the exposure to the

background O2 gas while taking the ten KW traces is estimated to be < 0.04 Langmuirs.

The percentage of O2 in the primary beam that passes through the final aperture was found

to be nearly 100% from the gas analysis during the beam irradiation. This comes from the

fact that the magnetic hexapole focuses only O2 and the center stop located in the beamline

removes most of the He atoms contained in the He-seeded O2 beam.21 Isotopically labelled

13CO used for monitoring the catalytic CO oxidation reaction on the surface was introduced

to the analysis chamber using a gas doser to obtain higher local CO pressures at the sample

position. Hdef of about 1 Gauss was applied to the sample region using 3 pairs of Helmholtz

coils for controlling the O2 alignment. No difference was found in the IG signal between the

H and CZ geometries when the O2 beam was scattered by an inert flag, which was positioned

in front of the surface, indicating that the direction of the applied magnetic field does not

affect the flux of the O2 beam. An example of this measurement is shown in Fig. 10 in Ref.

[21]. Here, the vacuum vessels that house the ion sources of the IG and the residual gas

analyzer (RGA) were magnetically shielded with permalloy plates to prevent the effects of

the magnetic field change on their signals during the alignment-controlled experiments.

We used a polished curved Pt(111) crystal obtained from Surface Preparation Laboratory,

the Netherlands. It is a 31◦ section of a 30 mm diameter cylinder and the surface provides a
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continuous range of substrates, from a flat Pt(111) surface up to vicinal angles (α) of ±15.5

◦ [Fig. 1(a)]. Steps are along the close-packed [11̄0] direction and α varies along the [1̄1̄2]

direction. The (111) terraces of the vicinal surfaces are separated by {100} like steps, which

are denoted as A-type steps, in the [1̄1̄2] direction and by {111}-like steps, which are denoted

as B-type steps, in the [112̄] direction. The crystal surface was cleaned in a preparation

chamber, which is connected to the analysis chamber mentioned above, by repeating 1 kV

Ar+ sputtering at 823 K, oxidation at 823 K under the O2 pressure of 1×10−8 Torr, and

annealing at 1023 K. The final annealing process before reaction experiments was conducted

at 823 K since a previous study showed that the low-temperature annealing prevents the

restructuring and faceting of the vicinal surfaces. 9 The preparation chamber is equipped

with a low energy electron diffraction (LEED) optics and a cylindrical mirror analyzer for

Auger electron spectroscopy (AES) measurements. The LEED pattern of the surface showed

sharp spots from the vicinal surface [Fig. 1(b)]. The spot separation, which is known to

be nearly proportional to the terrace width, 24 varied smoothly with the distance from the

crystal center (y), indicating smooth terrace-width variation on the surface. No impurity

was found within the detection limit of the AES measurements.

Results

O2 sticking probability

Figure 2(a) shows the initial sticking probability (S0) of O2 for the helicopter (H) and

cartwheel (CZ) geometries measured at different positions (y) on the curved Pt(111) crystal.

Different panels correspond to the results taken at different O2 kinetic energies. Here, the

position y=0 corresponds to the flat surface, and the A- and B-type steps are distributed

at y<0 and y>0, respectively. Figure 2(b) shows the sticking probability difference between

the two geometries [∆S0=S0(H)-S0(CZ)]. Contributions of the trapping-mediated process,

which is dominant at low E0 and shows no alignment dependence, and the activated O2
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Figure 1: (a) Three non-equivalent geometries for O2 molecules in the (J ,M)=(2,2) state and
the structure of the curved Pt(111) crystal used in this study. Coordinate y is taken along
the [112̄] direction and is graduated from the center of the crystal. {100}- and {111}-like
steps exist at the y<0 and y>0 sides, respectively. (b) LEED pattern of the curved Pt(111)
surface taken at y=+3 mm with beam energy of 225 eV. The position dependence of the
LEED spots indicated by the red dashed rectangle in the upper panel is shown below.
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chemisorption, which is dominant at high E0 and shows a large alignment dependence, need

to be considered to discuss these results.

The S0 and ∆S0 values show the following behaviors at the lowest energy (E0=76 meV).

The first panel of Fig. 2(a) shows that S0 increases linearly with the distance from the crystal

center (|y|) while the slope of the increase is larger for the B-type step side. This can be

understood based on the previous studies on (553) and (335) surfaces, 11,17 which have shown

that steps enhance precursor-mediated chemisorption and the efficiency is higher for the

type-B step. The linear increase of S0 with |y| can therefore be attributed to the increase

of the probability of the precursor-mediated process with increasing the step density. In

contrast, as shown in Fig. 2(b), ∆S0 is largest at the flat surface (y=0) and decreases largely

with increasing |y|. Here, ∆S0 is associated with the activated process, which happens both

at terraces and steps. To discuss the y dependence of S0 and ∆S0, we need to consider the

percentage of terrace and step areas within the stepped surface as well as the reactivity of

these areas. The (553) plane, which has a five atom wide terrace, is positioned at y=+3.2

mm of the present curved Pt(111) crystal. Although the geometric percentage of the terrace

area in the (553) plane is about 60% as will be discussed later, the ∆S0 value at y∼+3 mm

is shown to be less than 30 % of the value at y=0.

With increasing E0, the y dependence of S0 becomes more gradual while the alignment

dependence in S0 becomes more clear. This reflects the dominance of the activated process

at higher E0. As to the alignment effect, Fig. 2(b) shows that the y dependence of ∆S0

becomes weaker with increasing E0. It is noted that, at E0 > 200 meV, the S0 values on

the type-B step side are a little lower than those on the type-A step side. The lower S0 on

the type-B step side was not observed in the previous non-state-resolved O2 chemisorption

study on curved Pt(111).11 This might be because the measurement was conducted at 150

K and with a relatively low beam energy (E0< 260 meV),11 where the contribution of the

trapping-mediated process may be larger than the present case.
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Figure 2: (a)The initial sticking probability (S0) of O2 for helicopter (H) and cartwheel (CZ)
geometries measured as a function of the position (y) on the Pt(111) curved crystal and (b)
the difference in S0 between the two geometries. Different panels correspond to the results
for the O2 kinetic energies shown. Error bars were derived from the fluctuation of the ion
gauge signals used for deriving the S0 values.
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CO oxidation

Temperature dependence of CO oxidation at low O2 kinetic energy

Figure 3 shows the time evolution of the steady-state CO oxidation reaction measured while

the aligned O2 beam with E0=76 meV irradiates the curved Pt(111) surface under a back-

ground CO pressure of 3×10−7 Torr. The three profiles correspond to those measured at

sample temperatures (TS) of (a)593 K, (b)523 K and (c)423 K. The CO2 production rate

was monitored with the RGA at the position (y) on the sample shown in Fig. 3(a). The

beam irradiation (about 160 sec.) and the movement to the next position with the O2 beam

off were repeated. The H and CZ geometries of O2 were alternated every 20 seconds during

irradiation. The H geometry resulted in higher CO2 production rates than the CZ geometry

due to the higher O2 sticking probability for the helicopter geometry. The behavior observed

at y∼0 is similar to that for the O2 alignment-controlled CO oxidation on a flat Pt(111). 25

The O2 pressure equivalent to the flux of the O2 beam used for measuring the profiles shown

in Fig. 3 was roughly estimated to be 3.4×10−6 Torr from the O2 pressure in the analysis

chamber during the beam irradiation, the nominal pumping speed of the turbomolecular

pump and the beam size on the sample. In the present experiment, CO gas was initially

introduced to the analysis chamber, and O2 beam irradiation followed. It is known that CO

oxidation does not occur if the surface is completely covered with CO, but CO oxidation

happens above 305 K on a flat Pt(111) surface since some CO molecules desorb above this

temperature.26 It would be because the sample temperature employed in this study was >

305 K that the steady-state CO oxidation reaction was observed.

The profile for the CO2 production rate at 593 K [Fig. 3(a)] exhibits a minimum at y∼0

and increases with increasing distance from the crystal center (|y|) while the CO2 yields at

y> 0 is shown to be higher than at y< 0. These results indicate that CO oxidation happens

both at the terrace and step at 593 K. The behaviors are consistent with the fact that S0

increases with increasing |y| at E0=76 meV and S0 is higher on the type-B step side [Fig.
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Figure 3: Time evolution of the CO2 production rate measured during O2 beam irradiation
(E0=76 meV) on a curved Pt(111) crystal at TS of (a) 593 K, (b) 523 K and (c)423 K
under the background CO pressure (PCO=3 x 10−7 torr). The reaction measurement at the
position (y) shown in the figure and the movement to the next position with the O2 beam off
was repeated. The H and CZ geometries of O2 were alternated during measurement. The
H geometry resulted in higher CO2 production rates.
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2(a)]. The difference in the CO2 yield between the H and CZ geometries is largest for the

flat surface and decreases with increasing |y|. This is also consistent with the decrease of

∆S0 with increasing |y| [Fig. 2(b)]. The similarity of the y dependence of the CO2 yield at

593 K and the O2 sticking probability at the clean Pt surface suggests that the rate constant

of CO oxidation at 593 K is similar between the step and the terrace at this CO pressure

condition.

Figures 3(a)-(c) show that the CO2 production rate changes significantly with temper-

ature at around 523 K while the threshold temperature, so-called ignition temperature,

depends on the step density. At y∼0, the CO2 yield at 423 K is about 10% of that at 593

K while the yields at 523 K and 593 K are similar. This is consistent with previous stud-

ies showing that the CO2 production rate on a flat Pt(111) surface increases drastically at

500-550 K with increasing temperature and changes gradually at higher temperatures. 2,4,27

Therefore, we judged that the CO oxidation rate at the flat surface region is saturated at

593 K, although experiments at higher temperatures were not conducted. In contrast, at

y∼±3 where the step density is high, the CO2 yield at 523 K is 30-50% of that at 593 K.

The profile at 423 K [Fig. 3(c)] shows that the CO2 yield is highest at y∼0 and decreases

monotonically with increasing |y|. These behaviors indicate that the low-temperature CO

oxidation is inefficient at steps and the profile at 423 K virtually reflects the reactions at

the terrace of the stepped surface. A previous thermal desorption study 28 on Pt(335) has

shown that the binding energy of CO at the step site is higher than that at the terrace

site. Oxidation of CO molecules adsorbed at steps would, therefore, require higher sample

temperatures, causing the inefficient low-temperature CO oxidation at steps. In the present

experiment, since the surface was initially exposed to the background CO gas, step sites

would be blocked by strongly bound CO molecules and would not contribute to the CO

oxidation reaction at 423 K.

It is possible that the CO oxidation changes the atomic arrangement at the step since

there have been experimental evidences showing that O2 chemisorption induces the step
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doubling of transition metal surfaces. 29,30 The structural analysis with LEED at the position

of the O2 beam irradiation was not conducted in this study. However, Fig. 3(a) shows

that the CO2 yield varies smoothly with the distance from the crystal center at 593 K,

suggesting that the step density of the clean surface would not be changed largely in the

present conditions.

Low-temperature CO oxidation at high O2 kinetic energy

Figure 4(a) shows the CO oxidation profile measured with the aligned O2 beam of E0=275

meV at 423 K. Since trapping-mediated O2 chemisorption is inefficient at this energy 11,16–18

and steps do not contribute to CO oxidation at 423 K as shown above, these profiles reflect

CO oxidation caused by the activated O2 chemisorption at terraces of the stepped Pt. The

three panels correspond to the profiles at different relative CO pressures.

We first discuss the CO pressure dependence of the profile at y∼0. Figure 4(a) shows that

the ratio of the CO2 intensity for the helicopter geometry [I(H)] to that for the cartwheel

geometry [I(CZ)] is about 1.4 at P(CO)/Pe(O2) =0.15 [the top panel of Fig. 4(a)] while

it increases to ∼1.8 at P(CO)/Pe(O2)> 0.3. On the other hand, Fig. 2(a) indicates that

the sticking probability ratio between the H and CZ geometries [S0(H)/S0(CZ)] at E0=275

meV and at y∼ 0 is ∼ 1.7, which is similar to the value of I(H)/I(CZ) at P(CO)/Pe(O2)>

0.3. This can be understood as follows. CO oxidation on Pt proceeds via the Langmuir-

Hinshelwood mechanism, in which O2 chemisorption followed by a reaction of adsorbed O

and CO forms CO2.
27 The CO2 production rate would be proportional to the product of

the concentrations of CO and atomic O on the surface. In the steady-state reaction, the CO

concentration is determined by competition between CO adsorption from the gas phase and

its consumption for CO2 production. Because the sticking probability of helicopter O2 [S(H)]

is higher than that for cartwheel O2 [S(CZ)], the CO concentration during the steady-state

reaction for helicopter O2 would be lower because more CO molecules are consumed for CO2

production. This would result in I(H)/I(CZ) < S(H)/S(CZ). However, if the CO pressure is
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Figure 4: (a) Time evolution of the CO2 production rate measured while the O2 beam with
E0=275 meV irradiates the position (y) on the curved Pt(111) at TS=423 K. The H and CZ

geometries of O2 were alternated during measurement. The three panels correspond to the
results taken under different background CO pressures. The ratio between the background
CO pressure and the O2 pressure equivalent with the beam flux [P e(O2)] is shown. (b)The
position dependence of the CO2 production rate at the helicopter geometry normalized by
the value at y=0. The ratio of the terrace atoms within the surface is shown with solid blue
lines. (c)The position dependence of the difference in the CO2 production rate between the
H and CZ geometries normalized by the value at y=0. Error bars shown in (b) and (c) were
estimated from fluctuations in the CO2 signal.
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high enough to cause the CO adsorption rate ≫ the O2 sticking probability, the CO coverage

during the reaction for the two geometries would be similar. In such conditions, the CO2

production rate is expected to be proportional to the O2 sticking probability.

We secondly discuss the CO oxidation at stepped surfaces. The profile at P(CO)/Pe(O2)

= 0.15 shows that the ratio I(H)/I(CZ) increases with increasing |y|. For example, this

ratio is ∼1.4 at y=-0.3 while it is ∼1.8 at y=2.7. If the reactivity of the microterrace of

the stepped surface is identical with that of the flat surface, I(H)/I(CZ) for the microterrace

should be identical to that for the flat surface. In addition, the profiles on the A- and B-type

step sides are not symmetrical. It is shown that the CO2 yield is lower and I(H)/I(CZ) is

higher on the B-type step side. These behaviors may be accounted for if the O2 sticking

probability is lower on the type B step side. The fact that S0 on the B-stepped surface is

slightly lower at E0=275 meV [Fig. 2(a)] might be associated with this.

Figures 4(b) and (c) summarize the position dependence of the CO2 yield for the he-

licopter geometry [ICO2(H)] and the difference between the H and CZ geometries [∆ICO2 ],

respectively. The data taken at high CO pressures where the CO2 production rate may be

proportional to the O2 chemisorption probability are plotted. These quantities are normal-

ized by the values at y=0, which were estimated by the fit of the data points at -1<y< 1

to parabolic functions. To discuss the contribution of the terrace area to the reactivity of

the stepped Pt surfaces, the ratio of the number of terrace atoms (NT ) to the total num-

ber of terrace, edge and corner atoms on the surface [nT=NT/(NT+2)] is shown with solid

blue lines. The data points for ICO2(H) and ∆ICO2 are expected to be around these lines

if the terrace of the stepped surface has the same reactivity with a flat (111) surface and

the step gives no contribution to ICO2(H) and ∆ICO2 . In previous O2 chemisorption study

on Pt(553),17 ∼50% of the surface area was assumed to act like the Pt(111) surface for

discussing the contribution of the terrace area to the measured sticking probability. The

(553) surface, which has five atom wide terraces (nT = 0.6), is at y=+3.2mm in the present

curved Pt(111) crystal.
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Figures 4(b) and (c) show that, unlike S0 and ∆S0 at E0=275 meV [Fig. 2(a)], ICO2(H)

and ∆ICO2 decrease largely with increasing |y|. This reflects the following situations. Acti-

vated O2 chemisorption occurs at the terraces and steps and its probability depends on the

O2 alignment. The contribution of the terraces to S0 and ∆S0 decreases while that of the

steps increases with increasing |y|, resulting in the weak position dependence of S0 and ∆S0.

However, since the low-temperature CO oxidation happens only at the terrace, ICO2(H) and

∆ICO2 decreases with the decrease of the terrace area. ICO2(H) and ∆ICO2 show similar

profiles, implying that the O2 alignment effects in CO oxidation at the microterraces and

the flat surface are similar. We note that the normalized values for ICO2(H) and ∆ICO2 are

20-50 % lower than the ratio of the terrace atoms within the surface (solid blue lines).

Figure 5: (a) Time evolution of the CO2 production rate measured while the O2 beam with
E0=275 meV irradiates the indicated position (y) of the curved Pt(111) crystal at 523 K.
The H and CZ geometries of O2 were alternated during measurement. The three panels
correspond to the results taken under different background CO pressures. The position
dependence of (b) the CO2 production rate at the helicopter geometry and (c) the difference
in the CO2 production rate between the H and CZ geometries normalized by the value at
y=0. Error bars shown in (b) and (c) were estimated from fluctuations in the CO2 signal.

Figure 5 shows the CO2 production rate measured at 523 K and E0=275 meV. As shown
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in Fig. 3, this temperature is around the ignition temperature of CO oxidation on the

flat surface. It is shown that the CO2 production rate changes gradually with y at highly

stepped regions (|y| >2). This reflects the situation that CO oxidation also happens at steps

at 523 K although its efficiency is lower than at the terrace. As to the shape of the profile

for the CO2 production rate at around y=0, it is found from the comparison of Figs. 4(b)

and 5(b) that the width of the profile at 523 K is narrower than at 423 K, and that the

CO2 production rate at 523 K decreases more steeply with increasing |y|. This cannot be

attributed to the effect of the temperature on the O2 chemisorption step since the activated

O2 chemisorption dominant at this energy is insensitive to TS. We speculate that the step

might affect the ignition temperature of CO oxidation on the adjacent terrace, although

additional information is needed for further discussions.

Discussion

The present results indicate that the reactivity of the terrace of the stepped surface is likely

to be different from that of the flat surface. The previous XPS study on curved Pt(111) 8

have shown that the Pt 4f level of the terrace surface shifts to the higher binding energy

side with increasing the step density. This has been associated with the lattice contraction

induced by the step. The contraction of ∼2% has been estimated for the terrace of (335) and

(553) surfaces while the estimated contraction is slightly larger for the (553) surface with

the B-type step.8 On the other hand, a theoretical study by Mavrikakis at al. predicted that

the lattice contraction reduces the adsorption energy of molecules, 31 while the O2 reduction

efficiency on strained Pt films on nanoparticles has been shown to be largely different from

that on bulk Pt.32 Considering the results of these studies, it may be reasonable to expect

that the lattice contraction increases the activation energy for molecular chemisorption,

reducing the probability of the activated chemisorption of O2. Fig. 2(b) shows that ∆S0

decreases largely with the step density at E0=76 meV. The values at highly stepped regions
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can not be explained if we assume that the terrace of the stepped Pt has the same reactivity

with a flat Pt(111) surface. For example, the ∆S0 value at y∼2 mm, where the n(T ) value

shown in Fig. 4 is ∼ 0.7, is much less than 0.7 x ∆S0 (y=0). In addition, Figure 4 shows that

ICO2(H) and ∆ICO2 for the low-temperature CO oxidation on the terrace of stepped Pt are

considerably smaller than those expected for the reactivity of a flat Pt(111) surface. These

results may be consistent with the lattice contraction induced by the step, which would

increase the activation energy for chemisorption at the terrace of the stepped Pt, because,

in such cases, the O2 sticking probability and its alignment dependence would also become

smaller.

It is known that S0 of O2 on a flat Pt(111) surface is much less than unity (< 0.3) even

when the O2 kinetic energy is increased to ∼ 1.0 eV.16,18 This has been associated with

a situation in which, although energetic O2 molecules can surmount the activation barrier

for molecular chemisorption, the probability of being scattered off from the surface by the

repulsive wall of the interaction potential increases with increasing E0.
18 We speculate that,

if the lattice contraction increases the activation barrier for O2 chemisorption, it would

also increase the probability of scattering, making the sticking probability of energetic O2

molecules lower than that on a flat Pt(111) surface. The lower S0 on the B-step side at high

E0 conditions, which is shown in Fig. 2(a), may be consistent with the theoretical simulation

predicting that the lattice contraction induced by the B-type step is larger than that induced

by the A-type step.8

To discuss the origin of the reduced reactivity of the microterraces, we may also have to

consider the effective terrace width. The percentage of the terrace area in stepped surfaces

shown in Figs. 4 and 5 was estimated by assigning the edge and corner atoms as the step area.

The effective terrace width can be narrower than the width estimated with this assumption

because the corner and edge atoms, which have been predicted to be strongly strained, 8 can

affect the potential of neighboring area. If, for example, we assign additional 0.5 atom row to

the step area, the percentage of the terrace area is reduced to 50% for (553) surface, which is
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the value employed by Jacobse et al.17 To make quantitative discussions as to how much the

reactivity of the microterrace is reduced, additional information about the effective terrace

width would be necessary.

Figure 3 shows that CO oxidation at low temperature is less efficient at steps than at

terraces. This appears inconsistent with the results of the recent near-ambient pressure

(NAP)-XPS study4 of CO oxidation on curved Pt(111), which showed that stepped and

flat Pt(111) surfaces have identical ignition temperatures. The NAP-XPS study of CO

oxidation on curved Pt(111) was conducted with a CO and O2 gas mixture at millibar

pressures, and the presence of subsurface oxygen on the (111) terrace was suggested to

cause the identical ignition temperature. In the present experiment, however, the O2 beam

irradiates the CO-exposed Pt surface where no subsurface oxygen exists. The difference in

the reaction conditions between the two experiments might result in the different temperature

dependences of CO oxidation.

Conclusion

By scanning a narrow rotational-state-selected O2 beam on a curved Pt(111) surface where

the step density varies smoothly across the crystal, we have investigated the effect of the

step on the alignment-dependent O2 chemisorption and catalytic CO oxidation on vicinal

Pt(111) surfaces. To the best of our knowledge, this is the first state-selected molecular

beam reaction experiment on a curved crystal surface. It has been shown that this approach

helps us to separate contributions of the precursor-mediated and activated processes on

terraces and steps in vicinal surfaces. The increase in the probability of trapping-mediated O2

chemisorption with increasing the step density, its step-type dependence and the dominance

of activated chemisorption at high energy conditions were observed and found to be consistent

with previous studies on stepped Pt. However, the results show that the probability of

activated chemisorption on surfaces with type-B steps is slightly lower than on surfaces with
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type -A steps. The step density dependence of the low-temperature (423 K) CO oxidation,

which was found to occur only at terraces of stepped Pt surfaces, indicates that the CO2

production rate at the terraces of the stepped Pt is lower than at a flat (111) surface and also

depends on the step structure. One of the origins of these behaviors may be that the lattice

contraction in the microterrace induced by the step lowers the probability of activated O2

chemisorption and causes reactivity lower than that of a flat (111) surface.
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