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Single-crystal Pt(111) surfaces with a spatially varying step concentration have been pre-
pared. Using Auger spectroscopy the steady-state oxygen coverage and its transient behavior
were determined as a function of the O, and CO partial pressures. The steady-state coverage
was found to depend on the ratio of the partial pressures only. The sticking probability of O:
and the reaction probability for CO are determined as a function of coverage and step con-
centration. It was found that the reaction probability is reduced on stepped surfaces. The
sticking probability increases exponentially with increasing step concentration and decreases
with oxygen coverage. In a model assuming activated adsorption the exponential dependence
is linked to the changes in the surface potential due to the presence of steps and adsorbed
oxygen atoms. The results show that structural imperfections may have a positive or a nega-
tive effect on the CO-oxidation rate depending on the reaction conditions.

1. INTRODUCTION

The important role of steps in the promo-
tion of catalytic reactions has been pointed
out by several authors (I-4). In those cases
where dissociative adsorption of a reactant
is rate determining this influence has been
attributed to the lowering of the activation
barrier for adsorption in the presence of
steps. Qualitative observations of electron
diffraction patterns (LEED) indicate that
this interpretation may also hold for
oxygen adsorption on stepped platinum
surfaces. Since in the low-pressure regime
catalytic oxidation of carbon monoxide
proceeds with oxygen preadsorbed at the
surface (5), a dependence of the oxidation
reaction rate on the step concentration is
expected. On the other hand, Bonzel and
Ku (5) have found a relatively high initial
sticking coefficient s, for the adsorption of
oxygen on flat Pt(111) surfaces, leaving
little room for a promotion of CO oxidation
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by steps. Experiments with a supported
platinum catalyst (6) even show that the
specific reaction rate per unit of surface
area becomes smaller for smaller crystal-
lites. This suggests that under certain
conditions surface roughness may have a
negative effect on the reaction.

It is the purpose of this paper to shed
some light on this problem. Quantitative
relationships between the sticking coeffi-
cients, the reaction-rate constants, the
oxygen coverage 8, and the step concentra-
tion n are established. It is shown that
steps lead to a higher or a lower overall
yield for a catalytic converter depending
on the reaction conditions. This is due to
the exponential increase in the sticking
coefficient of oxygen with the step concen-
tration 7 and a decrease in the reaction
probability for CO. The large differences in
the previously reported sticking coefficients
of oxygen may also be explained by this
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effect. In addition the results provide
experimental evidence that the role of
steps on the adsorption kinetics of oxygen
may be understood by the model of the
collective action of steps (4) in which the
lowering of the charge transfer barrier due
to the reduced work function of a stepped
surface is considered. The same model also
explains the exponential decrease in the
oxygen sticking coeflicient with coverage.

2. EXPERIMENTAL

The single-crystal platinum surfaces were
prepared from an MRC sample 6 mm in
diameter by X-ray orientation and spark
erosion cutting. Contrary to conventional
surface preparation the surface was given a
cylindrical shape by the use of an appro-
priate erosion electrode. After erosion the
surface was gently polished by hand. The
orientation of the crystal was such that the
center of the crystal had (111) orientation,
while surfaces with (111) and (100) steps
were obtained on the two sides. The
crystal was then mounted on a sample
holder in a UHV chamber with a capacity
for LEED, Auger spectroscopy, mass
spectrometry, and separate O; and CO gas
inlets. The crystal was cleaned by heating
at 1100 K in an oxygen atmosphere of 10-7
Torr for several hours, followed by flashing
to 1700 K. Both caleium and carbon, the
main surface contaminants, were removed
by this procedure. The residual carbon
contamination was less than 19, of a
monolayer.

After cleaning, a sharp electron diffrac-
tion pattern was observed with the char-
acteristic spot splitting of stepped surfaces
(8, 7, 8). The spacing between the split
spots increased from zero to a maximum
value when the electron beam was moved
across the surface from the center of the
crystal to the edges. The maximum spot
gplitting mnear the crystal edges corre-
sponded to a step concentration n ~ 0.12
where the step concentration n is defined as
the ratio of the step atoms to the total

number of surface atoms. Since the beam
diameters of the LEED and Auger electron
sources were ~0.5 and 0.2 mm, respec-
tively, the variations in the step concentra-
tion n within the electron beams were
sufficiently small (0.02 and 0.008, respec-
tively). The reproducible positioning of
LEED and Auger beams on the various
crystal locations was obtained by deter-
mining the distance between the crystal
edge and the measuring position. We could
verify the reproducibility of the positioning
process by comparing the position of the
minimum of the Auger signal in Fig. 3
with the position at which the zero splitting
in the LEED pattern was observed. The
deviations did not exceed 0.2 mm. The
surface coverage with oxygen was measured
by a Varian cylindrical mirror Auger
analyzer with an integrated electron gun
(normal incidence). The diffusion of oxygen
atoms across the surface may be neglected.
At a temperature of 550 K the diffusion
length within 1 hr may be estimated to be
~2.5 X 107% cm, by taking the adsorption
energy of oxygen on platinum 54 keal/mol
and for the activation energy for surface
diffusion half this value. At room tempera-
ture a rapid carbon buildup was observed
with higher beam currents due to the crack-
ing of CO absorbed from the residual gas.
Therefore all experiments were carried out
at a higher temperature (T = 550 K),
where the equilibrium coverage 6co with
CO even under ambient pressure is low.
The ambient pressure was lower than
2 X 107 Torr and the residual CO pres-
sure about 1 X 107 Torr or somewhat
lower. fco may be estimated from the flash
desorption temperature of 440 K (9) to be
roughly 2 X 10* pco (pco in Torr). The
temperature of 550 K is also approximately
the temperature where the maximum reac-
tion rate for carbon monoxide oxidation has
been observed (10, 11).

The most difficult problem in the deter-
mination of sticking coefficients is the
absolute calibration of 8. We have cal-
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ibrated our 6 scale by measuring the
peak-to-peak intensity of the oxygen signal
¢ of a W(110) surface exposed to 107%
Torr sec of O, at higher temperatures and
the Pt signal (at 238 ¢V) Ip; of a clean
platinum foil in the same system. The
total oxygen coverage of the tungsten
surface exposed to oxygen under these
conditions is Nw = 1.4 X 10 em™2 (12).
Assuming the same backscattering factors
for W and Pt, the 8 calibration is then
given by

To It Nw To ,
IPt I%) A\ Pt Il’t

with 8 defined as oxygen atoms per plat-
inum surface atoms (Npy); fo and Ipe
are the peak-to-peak oxygen and platinum
signals, respectively, measured on the plat-
inum surface. The factor 0.38 refers to a
primary energy of 1500 ¢V and a modula-
tion voltage of 6 V p—p. The calibration
was checked by observing the development
of the 2 X 2 LEED pattern after oxygen
adsorption at low temperatures. Sharp
fractional order spots were found at 7¢/Ips
ratios corresponding to coverages of roughly
0.25 according to the calibration in Eq. (1).
Previous authors have assumed that the
{2 X 2)-0 LEED pattern corresponds to a
coverage of 9 = 0.5 (4, 13). However, a
coverage of 8 = 0.25 i1s also in agreement
with the diffraction pattern (14). The
previous choice of 8 = 0.5 for the (2 X 2)-0
structure was made because it was not
understood why the coverage should sat-
urate at rather low values of 8, and because
of additional evidence from CO titration
experiments (5). As has already been
shown by Bonzel and Ku (8) and by
Joebstl (18) and will be demonstrated
quantitatively in this paper, the low
saturation coverage is a result of a low
oxygen sticking probability at higher
coverages and a high reaction probability
with CO (and H.) present as contaminants
in the residual gas. It is therefore assumed

that the absolute calibration in Eq. (1) is
basically correct, although the error may
still be of the order of 20-309,. This error
obviously affects the value of the sticking
coefficient and the coverage dependence,
but not the physical conclusions derived
from the data.

In the initial stages of this work an
attempt was made to measure the sticking
coefficient of oxygen by measuring the
oxygen uptake versus exposure. It was
realized, however, that every O, exposure
caused an unintentional rise in the CO
partial pressure in the UHV chamber.
Although the ratio po,/pco was ~100, the
oxygen coverage was still affected by the
CO partial pressure, due to the consump-
tion of O adatoms by the CO oxidation
reaction. Some effort was made to improve
the po,/pco ratio by reducing the pumping
speed of the ion pump with a partially
closed gate valve and by pumping with a
cooled titanium film alone, but with no
significant success. It was therefore decided
to make use of the oxidation reaction itself
in the determination of the sticking
coefficient.

As will be shown later, the steady-state
oxygen coverage depends on the partial
pressure ratio po,/pco alone for a wide
range of pressures. The derivative of the
oxygen coverage with respect to time may
therefore be written as

dé

Npthl; = 25(8)va,po, — c{B)vcopco,
¢

(2)
where vo, and »co are the numbers of
incident Oz and CO (in molecules/em?-sec
-Torr), respectively, and ¢(8) is the reaction
probability. If the process were of a simple
Rideal-Eley type, ¢(8) would be propor-
tional to 8. ¢(8) describes the probability
that a CO molecule hitting the surface
reacts with an adsorbed oxygen atom to
form a CO; molecule. For small coverages
¢ is expected to be proportional to 6.

Four different types of measurements
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Fia. 1. Steady-state oxygen coverage 6 versus
oxygen pressure po, for a constant partial pressure
ratio po,/Pco,.

were performed :

A. The steady-state coverage 6 was
measured as a function of the ratio po,/pco:

Po, _

Pco

C(@)Vco

28 (0) V02 (3)

B. The steady-state oxygen coverage was
measured versus step concentration n. (In
the following we shall denote by 6, the
oxygen coverage on a surface with a step
concentration of n; ie., 8, for the flat
surface. The notation # will be used for the
coverage when no specification is neces-
sary.) If ¢(8,, n) and s(8,, n) denote the
reaction probability and sticking coeffi-
cients on the stepped surfaces the relation

c(f.,n)  c(8,0)

= 4
§(6x, 1) 5(60,0) W

holds for equal po,/pco ratios.

C. For a sudden rise in the oxygen
partial pressure Apo, the initial slope in @
versus ¢ determines the sticking coefficient

d
Npy—

tleo

= 25(0)v0,AP o, (5)

D. Finally, from a sudden rise in pco
and the initial slope of 6§ the reaction
probability ¢ is measured :

Np—
dt

= —c¢(®rvcodpco. (6)

=0
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Three measurements (types A, C, and D)
determine two parameters s(8,, n), ¢(6., n)
each for a certain coverage # and a certain
step concentration n. The consistency of the
results may therefore be checked. In
addition the functional dependence of ¢
and s on n may be determined from a
measurement of type B.

The partial pressures were measured by
a quadrupole mass spectrometer calibrated
with a nude ion gauge and corrected for the
different ionization probabilities of CO
and O,

3. RESULTS

In Eq. (2) we have implied that the
steady-state oxygen coverage 6 does not
depend on the absolute pressure but on the
partial pressure ratio po,/pco. It is seen
from Fig. 1 that 6 indeed remains constant
over two orders of magnitude within the
limits of error. The measurements could not
be extended to higher pressures as the
increasing equilibrium coverage with CO
led to a carbon buildup by electron beam
cracking., The lower limit of this measure-
ment was set by a competitive reaction
with the hydrogen background partial
pressure of ~107° Torr. The oxygen
coverage versus the partial pressure ratio
for the flat and a stepped [14(111) X (111)]
surface (i.e., 14 terrace atoms per mono-
atomic step, or n = 0.07) is plotted in
Fig. 2. In the low-coverage range, the data
points in Fig. 2 are averaged over several
individual measurements. The two points
marked by crosses are calculated from
independent measurements of c¢(6) and
s(8) according to Eqgs. (5) and (6). It is
seen that the data are consistent. The
results in Fig. 2 show that the steady-state
coverage on the stepped surface is higher.
This effect is investigated quantitatively
when the coverage is measured versus the
beam position by moving the ecrystal
perpendicular to the beam (Fig. 3). A
linear relation between the coverage and
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Fra. 2. Steady-state oxygen coverage 8 versus
partial pressure ratio po,/peo for a flat and a
stepped platinum surface. Points marked X are
caleulated from independent measurements of c¢(6)
and s(¢) (compare Figs. 4 and 5).

the step concentration is found.
6, = 04+ an, @

where a~0.24 except for the surface with
(100) steps at the higher ratio po,/pco, in
which case « appears to be closer to 0.17,
The reaction probability versus 6 is plotted
in Fig. 4 for both the flat and stepped
[14(111) X (111)] surfaces. Measurements
of the initial slope of d@/dt were particularly
hampered by the considerable noise in the
Auger signal at low coverages. The standard
deviation of the individual measurements
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Fic. 3. Steady-state oxygen coverage 0 versus
step concentration n for two pressure ratios. The
linear variation appears to be slightly asymmetric
for the two different step orientations for po,/
Pco = 120.
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Fic. 4. Reaction probability for a CO molecule
c(9) versus coverage. The result shows that the
reaction mechanism is not of the simple Rideal-
Fley type.

was Ac = 0.05 — 0.10. Therefore several
individual measurements (5-10) were av-
eraged and the mean values are plotted in
Fig. 4. The error bars are the standard
deviations of the mean. The results for the
sticking coefficients are plotted in Fig. 3.
The data points represent individual mea-
surements according to Eq. (5). Again the
scattering is due to the noise in the Auger
signal. At higher coverages the measure-
ments in Figs. 2 and 4 are more reliable
than the direct determination of the stick-
ing coefficient. I'or 8 > 0.04 the full and
dotted lines are therefore calculated from
c(0) (Fig. 4), 6= f(po,/pco) (Fig. 2), and

Eq. (3). Below 6 ~ 0.04 the solid and
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Fia. 5. Sticking coefficient of oxygen s(8) versus
coverage. For higher coverage 6 > 0.04 the lines
are calculated from the more reliable data in
Figs. 2 and 4 according to Eq. (3) (see text).
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dotted lines are drawn to fit the data
points starting from the calculated lines
for 6 > 0.04. The agreement between the
values calculated from Figs. 2 and 4 and
the coverage of the individual direct
measurements of the sticking coefficient
illustrates the consistency of the data as
well as the use of Eq. (2) for the description
of the reaction kinetics.

Except for very low coverages the stick-
ing coefficient decreases exponentially with
6 (Fig. 5), in agreement with previous
results (§). As the two curves in this
figure are parallel, one may describe both by

$(6,, n) = 0.031f(n) exp (—376,)
for 6, > 0.02, (8

where f(n) depends only on the step
concentration and has by definition the
value f(0) = 1 for the flat surface. When
surfaces of different step concentration are
exposed to the same partial pressure ratio
Po,/Pco, as in the experiment of type B
(Fig. 3), Eq. (4) holds and

exp [ =37 (0. — 0)1/(n) = c(6,,m)/
c(6o,0). (9)
Together with Eq. (7), one obtains
) = @7 [c(8, n)/c(8, 0] (10)

The ratio ¢(8., n)/c(6,0) for n = 0.07
and (111) steps may be calculated from
Figs. 2 and 4 for different partial pressure
ratios (Fig. 6). The ratio is approximately 1
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Fic. 6. Ratio of reaction probabilities ¢(8., n)/
c(, 0) of surfaces exposed to the same partial
pressure ratio po,/pco.

and for the following considerations we
neglect the deviations. It is further assumed
that this holds also for intermediate step
concentrations. Then the dependence of the
sticking coefficient on the step concentra-
tion is

) = s (11)
for a Pt[n~*(111) X (111)7 surface and an
oxygen coverage regime of 0.02 < 6 < 0.10.
The sticking coefficient rises exponentially
with the step concentration. The same
behavior (with a different exponent) has
been found previously with oxygen adsorp-
tion on cleaved silicon surfaces (3).

As a supplement to these results the work
function change connected with the oxygen
adsorption was measured by a Kelvin
probe (15). For a coverage of § = 0.055,
a value of A¢ = 0.24 eV was measured.

4. DISCUSSION
4.1. Comparison with Previous Work

It is obvious from the reported data that
previous contradictory results of high and
low sticking coefficients of oxygen on
platinum (111) surfaces can easily be recon-
ciled by assuming various combinations of
surface imperfections and partial pressure
ratios of Oy and CO. A smaller or a higher
amount of CO is always present as a gas
phase contaminant in UHV systems. If its
presence is not taken into account the
resulting sticking probabilities for oxygen
are in error due to the high reaction
probability of CO. For instance Weinberg
et al. (16) have calculated the “‘sticking
coefficient”” from the oxygen coverage after
exposure to 7 X 10~% Torr for r = 3600 sec.
They found an oxygen coverage of § ~ 0.05.
They also admittedly had a partial pres-
sure of CO of ~19%. As seen from Fig. 2,
for this partial pressure ratio we have
found an equilibrium coverage of § ~ 0.07,
but this equilibrium is in fact reached in
about a second at pressurcs of ~10—* Torr.
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To caleulate a sticking coeflicient [rom
s = ONp/rvopo, (12)

as Weinberg el al. did is therefore an
inadequate procedure, as Bonzel and Ku
() have previously pointed out. In agree-
ment with other authors (5), we do not
think that high sticking coefficients are a
result of carbon contamination. Our upper
contamination limit of 19, of a monolayer
of carbon throughout the experiments is
certainly at least as low as the limit that
may be estimated from the Auger spectrum
published in the paper of Weinberg et al.
It is also evident from our data that the
categorical statement by Lang et al. (2)
that oxygen is “not adsorbed” on flat (111)
surfaces does not hold.

High initial sticking coefficients for O,
on Pt(111) as well as the exponential
dependence of s(8) have been reported
previously by Bonzel and Ku (5), who used
the method of CO titration to determine
the oxygen coverage. The results differ
from ours in two ways:

First, the slope In s versus ¢ in Bonzel
and Ku’s paper is smaller. This is appar-
ently due to a different 6-calibration
procedure. Bonzel and Ku have determined
the absolute oxygen coverage from the total
CO, titration yield. This calibration is only
as accurate as the determination of the
pumping spced. On the basis of this
calibration Bonzel and Ku attributed the
(2 X 2)-0 LEED pattern to a coverage of
6 = 0.5. Thus their calibration scems to
differ from ours by a factor of ~2, which
roughly explains the differences in the slope
In s versus 6 (14 and 37, respectively). As
the determination of the CO. pumping
speed may be morc uncertain than our
Auger calibration for adsorbed oxygen we
assume the value reported in this paper to
be more reliable.

Second, the work of Bonzel and Ku
differs from ours in the absolute value of
8(8). Our value of s at zero coverage is a

factor of 6 lower, which cannot be explained
by the different 8 calibration. This discre-
pancy is probably a consequence of the
different measuring techniques as well as a
difference in crystal perfection. While our
sticking cocfficient represents the value of
a flat (111) surface, the sticking coefficient
determined by CO, titration represents an
average value over the whole surface. The
crystal used by Bonzel and Ku had an
average misorientation of 1.7° and con-
tained several small angle grain boundaries
(17); thus the high sticking coefficient
observed by Bonzel and Ku may have
also been due to the higher residual step
density of that surface. Assuming that the
difference in the exponents 14 and 37 is
caused by calibration, a crystal with an
average step . concentration of only 0.09
would produce sticking coefficients as
observed by Bonzel and Ku. According to
Eq. (11) the sticking coefficient of zero
coverage should become of the order of 1
if one extrapolates the equation to high
step concentration. This is consistent with
the high sticking coefficient on the (110)
face (18), since this face may be considered
as composed of a stepped (111) surface
with a step concentration of 1.

4.2. The Reaction Probability

As shown in Fig. 4 for a flat platinum-
(111) surface the reaction probability
saturates at a rather low coverage of 0.03.
If the reaction were of a simple Rideal-
Eley type, ¢(8) should be proportional to
the oxygen coverage. The saturation means
that a CO molecule finds its reaction
partner cven when it strikes the surface at
a distance of approximately 3 (0.03)~% ~ 3
lattice constants from an adsorbed oxygen
atom. This is not too surprising. The
desorption energy of CO is approximately
E =13 eV (9). Assuming the activation
energy for surface diffusion to be roughly
one-half of the desorption ecncrgy, the
diffusion length z within the adsorption
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time 7 may be estimated from the equations

x = (D7)},
D = aPve= (BT )
T = (1/v)ef/*T,

z = et T ~ 950q,

with » a frequency factor and a the lattice
constant. Although this estimate is rather
crude it shows that it is reasonable to
assume that the CO molecule may travel
quite a distance along the surface before it
leaves the surface again by desorption. The
reaction probability becomes proportional
to 8, below 8 = 0.03, which corresponds to
an average distance between oxygen atoms
of 6a. This is small compared to the
estimated diffusion length of the CO
molecules. It appears therefore that the
reaction probability for an individual
oxygen—carbon monoxide collision on the
surface may be rather low. In conception
this mechanism is of the Langmuir-Hinshel-
wood type. In principle one might write
the more empirical Eq. (2) in a form
reflecting the Langmuir-Hinshelwood
mechanism (replacing the second term on
the right-hand side by ¢f08co and writing a
second equation which reflects the variation
of 6co). It can be shown, however, that
due to the very short lifetime of the CO
molecules on the surface, 6co follows
almost simultaneously the relatively slow
variation of 6o. Moreover, because fco is
very small under the given experimental
conditions it is not accessible to the
measurement, and thus no additional
information would be gained. On the
other hand one may also explain the 6
dependence of ¢(6) by a Rideal-Eley
mechanism if one assumes that the tails
of the interaction potential curves for
the chemical reaction CO—QOgdsorbea ©xtend
sufficiently far to attract the impinging
CO molecule directly toward its reaction
partner.

It seems somewhat surprising that the
reaction probability at a given coverage

is lower on the stepped surface. One may
cxplain this effect by assuming that the
oxygen atoms are more tightly bound in
step sites with a Boltzmann distribution
between the occupation of terraces and
step sites. As the oxygen atoms in step
sites may not be available for reaction
with the CO, the reaction rate could be
reduced unless higher coverages provide
enough oxygen atoms on the terrace sites
even with the trapped oxygen atoms at the
step sites. According to this model a
stepped and a flat surface have the same
reaction probability when the coverage on
the terraces is equal to the coverage on the
flat surface. For a partial pressure ratio of,
e.g., Po,/Pco = 50, the steady-state cover-
ages are b5 = 0.065 and 6, = 0.052 for
the stepped and flat surfaces, respectively
(Fig. 2). The atoms adsorbed on the stepped
surface may be adsorbed on the platinum
step atoms Ns = (1/14)Npy (coverage 8g)
and on the terrace atoms No = (13/14)Np,
(coverage 6r). Obviously for the corre-
sponding populations the relation

Npbyu = Nsbs + Nr1br

will hold. This means that the ratio
between the terrace and step populations
will be

N’TOT [14’. 01/14 1}—1

Ngls 13 01

As at a given pressure ratio the reaction
probabilities for the flat and stepped
surfaces are equal (Fig. 6), according to the
model we can put 6y = 8o. Thus for the
above cases the ratio between the terrace
and step populations would be ~2.9.
As Nr1/Ng =13, an adsorption energy
difference between terrace and step sites of

AE = —kTIn (2.9/13) ~ 0.07 eV  (14)

would be required. This is not an unrea-
sonable value as AE = 0.15 and 0.25 eV
have been measured for hydrogen adsorp-
tion on stepped palladium and platinum
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surfaces, respeetively (19, 20). Further ex-
periments are necessary, however, to de-
cide between the different models.

4.8. Comparison with Conventional Reaction~
Rate Constants

In the catalytic literature the question
whether a certain reaction is structure
sensitive or not is decided by measuring the
yield of the desired reaction as a function
of the partial pressures for various crystal-
lite sizes in a catalytic reactor. Since the
sticking probability of oxygen increases
with the step concentration, and the reac-
tion probability decreases, it is not imme-
diately clear whether rough surfaces are an
advantage or a disadvantage for the
catalytic CO oxidation. It may therefore
be useful to consider a simple model reactor
and calculate the yield from the atomistic
data s(8) and ¢(d) as a function of the
partial pressures, We define flow rates
(in Torr liter sec™) as n,, 7k and 7)),
nto, nko, for the input and output
streams, respectively, the partial pressures
over the catalyst surface po, DPco, Pcoa,
and the pumping speed b. Assuming homo-
geneous partial pressures over the whole
catalyst surface one may write the set of
continuity equations

ﬁgz = FS(@)V02p02 + ’fl{)z, (15)

tieo = Fe(8)vcopeo + nilo,  (16)
Fe(8)vcopeo = ko, (17)
#l = bp, for all gases, (18)

with F the surface area of the catalyst.
The yield of the reaction defined as

y = 1lo,/nco (19)
may then be calculated to be
—1
y = [1 + ———] ) (20
c(8)Fvco )

With the steady-state condition (Eq. (3)),
c(8) may be converted into c¢(pco/po,)
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Fig. 7. Yield of a catalytic converter with a flat
Pt(111) and a stepped Pt(111) surface as a func-
tion of the partial pressure ratio po,/pco for high
and low pumping speeds (b/Fvco = 10 and 0.1,
respectively). The ideal catalyst is defined by
cia(d) = 1 (see the text). The curves for the ideal
catalyst coincide when the curve for the high
pumping speed is multiplied by 10.

with the aid of Figs. 2 and 4. The yield as
a function of the partial pressure ratio is
plotted in Fig. 7 for a flat (111) surface, a
stepped (111) surface, and an ideal catalyst,
respectively. Figure 7 illustrates that for
oxygen excess the yield is lower on the
stepped surface as a result of the smaller
reaction probability. For higher CO partial
pressures, however, the higher sticking
coefficient of oxygen on stepped surfaces
becomes the dominating factor. The point
of intersection of the yield of flat and
stepped surfaces may depend on the step
concentration and orientation. The higher
reaction rate on flat surfaces for high
Do,/Pco is consistent with the results of
McCarthy et al. (6), who found larger
specific reaction rates for crystallite sizes
of larger diameter when oxygen was in
excess. The same effect has been found for
the initial rates in ammonia oxidation (21),
which indicates that the effect of lower
reaction-rate constants on a rough surface
may be not specific to the CO system. It is
therefore concluded that carbon monoxide
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oxidation over platinum is structure sensi-
tive. The effect of roughness may be
positive or negative depending on the
exact reaction conditions.

Equation (15) was not used for calculat-
ing the yield in Eq. (20). However, one
should not omit it, because it ensures the
necessary oxygen supply. Indeed, from
Eq. (15) and the steady-state condition
(Eq. (3)) one obtains

75, > Fs(8)vo,po, = tFc(@)vcopco. (15a)

For real cases the condition is always
fulfilled, because by reducing the oxygen
input the oxygen coverage is reduced and
thus also ¢(8). It seems that a steady state
can always be reached. In Fig. 7 we have
plotted the yield for an ideal catalyst which
we have defined by cia(8) = 1 (ie., the
reaction probability does not go to zero
even when the oxygen coverage vanishes).
It is clear that by reducing the oxygen
input we will reach

7o, < $Fvcopco

because in the ideal case also pco does
not depend on the oxygen input. This
means that a steady state is no longer
possible. This is the reason why in Fig. 7
the yield curve of the ideal catalyst does
not continue for values

Poy/Pco < 3(vco/vo,)-

4.4. The Role of Steps in Adsorption Kinetics

Probably the most interesting result of
this work, which may have far-reaching
consequences, is the exponential depen-
dence of the sticking coefficient on the step
concentration. The same exponential de-
pendence (with a different exponent) has
been found with oxygen adsorption on
cleaved silicon surfaces (3). Since platinum
as a d-band metal and silicon are chemically
rather different it seems that the expo-
nential dependence is a consequence of a
general physical principle. In the conven-
tional catalytic literature the role of steps

as active sites is considered to be a local
effect concentrated on the immediate
vicinity of the step sites. Within this
model the sticking probability for atoms
hitting step sites may be increased. Then,
however, the sticking probability referred
to the whole surface should be linear in
step concentration. The exponential de-
pendence requires a nonlocal model. The
fact that steps act nonlocally has already
been pointed out by Ibach et al. in previous
papers (3, 4). It was suggested that the
steps lower the activation barrier for dis-
sociative adsorption. A direct measurement
of this activation barrier is difficult to
perform, however, since the temperature of
gaseous oxygen is not variable in conven-
tional UHV systems.

From Eq. (11) one may describe the
dependence of the sticking coeflicient on
the step concentration by

f(n) = exp (0.23 eV n/kT), (21)

with T the gas temperature.

The lowering of the activation barrier for
dissociative adsorption and thus the in-
crease of the sticking coefficient has been
correlated (4) with the lowering of the work
function of stepped surfaces (22). A
smaller work function should make the
charge transfer from the solid to the
electronegative oxygen atoms easier. Con-
sidering model potentials for molecular and
atomic oxygen and assuming that the
change in the electron potential in the
relevant reaction distance is equivalent to
the change in the work function A¢, the
relation

AE, = pAd (22)

has been derived with p of the order of 0.5
depending on the potential parameters,
where AE, is the change of the activation
barrier for dissociative adsorption.

For a quantitative evaluation of the
model, A¢ should be replaced by the change
of the potential of an electron relative to the
Fermi level in the distance from the surface
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where the activation barrier lies. For
stepped surfaces this potential is difficult
to estimate as the electron charge distribu-
tion is not known.

The estimation of A¢, however, is
possible in the case of oxygen adsorption.
The decrease in the sticking coefficient with
oxygen coverage can also be explained by
the influence of the electron potential on
the activation barrier. As the work function
rises with oxygen coverage the model
predicts the sign and the exponential
dependence correctly. The potential at the
reaction distance d may be calculated
assuming point dipole potentials for the
adsorbed oxygen atoms,

pd 1
Z_‘“y

Arey n 1,8

Ap(d) =

n = (ny, ny), (23)

where p is the dipole moment and r, the
distance from an oxygen atom. The dipole
moment may be ecalculated from the
observed work function change

p = eo(A¢/0Np),

where A¢/6 is roughly constant for small 8.
Since r, scales with §-% the potential A¢{d)
is proportional 6% (i.e., AEa = A6?). The
model therefore predicts for the sticking
coeflicient,

s = soexp [— (AF./kT)]
= soexp [— (405/kT)]. (25)

(24)

A plot of In s versus 6% is shown in Fig. 8.
As in Fig. 5 the lincs are caleulated from
the results in Figs. 2 and 4 for coverages
6 > 0.04. The data points represent the
individual measurements as in Fig. 5. It is
seen that the plot in Fig. 8 gives a much
better fit to a straight line than a plot of
Ins versus 6. In making this comparison
one has to bear in mind the comments made
in Section 3 conecerning Fig. 5: The solid
and the dotted lines for 8 > 0.04 were cal-
culated from c(8) (Fig. 4), § = f(po,/pco)
(Fig. 2), and Eq. (3), because these data
are more reliable for these higher coverages
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Fic. 8. Sticking coefficient of oxygen s(6) versus
6. As in Fig. 5 the data points represent individual
measurements according to FEq. (5), while for
6* > 0.008 the solid and dotted lines are calculated
from the more reliable data presented in Figs. 2
and 4 according to Eq. (3) (see text).

than the direet measurement of the sticking
coefficient. Evidently the same applies for
Fig. 8. We think that the better fit in
Fig. 8 supports the model of the influence
of electrostatic potentials on the activation
barrier.

Further confirmation is obtained from an
estimate of the prefactor A by means of
Eqgs. (22) and (23). For this purpose we
assume a regular hexagonal surface lattice
of the oxygen atoms with a lattice constant
a. The area of the unit cell is then

F = 1V3a2 = (0Npy) L. (26)
Then Eq. (23) becomes
pd 1
Ad(d) = 0.81(6Np)? 3 — . (27)
mEQ n nd

The minimum potential and therefore the
smallest enhancement of the activation
barrier occurs in the center of a unit mesh.
The lattice sum in Eq. (27) is then ~26.
With the measured work function change
and d ~ 2.5 A, Eq. (27) becomes

Ad(d) ~ 7.2 eV o, (28)

From Eq. (22), AE, may then be estimated
to be roughly ~3.6 eV 6% The straight
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line in Fig. 8 corresponds to
s = 0018 exp [—(3.2eV &#/kT)]. (29)

The model of the influence of the electro-
static potential on the activation barrier
therefore predicts correctly the sign of the
effect, the exponential dependence, and,
approximately, the exponent.

CONCLUSION

The method of observing the oxidation
reaction of CO by measuring the local
oxygen concentration on a cylindrically
shaped platinum single crystal as a function
of partial pressure ratios and as a function
of time provides a rather complete set of
data on the sticking coefficient, the reaction
probability, and their dependence on struc-
tural defects. It was shown that surface
steps have opposite effects on the sticking
coefficient of oxygen and on the reaction
probability. Steps therefore have a positive
or a negative effect on the reaction rate
depending on the exact reaction conditions.
In any case CO oxidation on platinum
has to be considered as ‘‘primary structure
sensitive” (23). The regime of pressure
ratios of the reactants where the positive or
the negative effect prevails probably also
depends on the nature of the structural
defects. In conventional catalytic experi-
ments with (apart from the crystal size)
unspecified catalysts, oxidation rates per
surface area may appear as positively,
negatively, or not at all influenced by the
size of the crystallites. This may provide a
basis for the solution of apparent contradic-
tions in previous experimental results.
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