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Abstract

Ž .Velocity distributions of desorbing product CO were studied in the CO oxidation on Pt 557 over a wide range of2

surface temperatures, in both the active and inhibited regions at the steady state. The translational energy of CO in the2

active region, where the reaction is in a first order with respect to CO, is very high and it is insensitive to the surface
temperature. It decreases sharply with increasing CO partial pressure in the boundary region. In the inhibited region, where
the reaction is retarded by CO, the translational energy is relatively low and increases with increasing surface temperature.
q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Velocity measurements of desorbing products
are requisite for dynamic studies of surface
reactions. An excess translational energy is
found in the product CO in CO oxidation on2

w xplatinum metals 1,2 . Combined with internal
energy measurements, the determination of this
excess energy will provide the energy partition
in reactive desorption events on individual sites
w x3–6 . This paper reports for the first time the
velocity of desorbing product CO in both ac-2

tive regions, where the reaction is in a first
order with respect to CO, and inhibited regions,
where the reaction is inhibited by CO, on a
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Ž . Ž . Ž . Ž .stepped Pt 557 s s 6 111 = 001 surface.
The translational energy of desorbing product
decreased quickly near the critical CO pressures
where the kinetics switched from the active
region to the inhibited. This sharp kinetic change
is to be expected, since it is commonly observed

w xin CO oxidation on platinum metals 7–9 .
The dependence of product velocity on sur-

face temperature has been one of the great
subjects of debate in this field, since it is be-
lieved to yield information about the energy

w xaccommodation in the desorption event 10 .
Nevertheless, the relationship is not yet clear
because the velocity measurements reported so
far have not been performed under suitable
conditions. The modulated molecular beam scat-
tering used since the pioneering work by Becker

w xet al. 11 can be applied when surface tempera-
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tures are above about 500 K because a signifi-
cant amount of CO production is required at2

the steady state. However, below this tempera-
ture, the surface is eventually covered by CO
and the reaction is mostly retarded. Further-
more, the modulation sometimes obscures reac-
tion conditions. This is because the chopping of
incoming beams may cause the oxygen and CO
coverages to change throughout the conditions

w xcritical for chemical kinetics 8,9 . However,
this scattering method provided characteristic
measurements confirming that the surface resi-
dence time of CO is in the hundred microsecond

Ž . w xorders for CO oxidation on Pd 111 12 and

Ž . w xPt 111 13 . The residence time of oxygen
adatoms is much longer. Thus, the product des-
orption is likely to be merely controlled by the
surface structures including reactants and sur-
face temperature, and not by the energy state of
incident molecules nor their incident angle, be-
cause the relaxation of excited surface species is

w xcompleted in the picosecond order 14 . These
factors make a technique combining angle-re-

Ž .solved thermal desorption ARTDS and time-
Ž .of-flight TOF measurements appropriate for

w xdynamic studies 15 . ARTDS–TOF is useful in
a wide coverage range of reactants and at low

w xsurface temperatures 2 . However, neither tem-

Ž . Ž . Ž . Ž .Fig. 1. a Surface structure of Pt 557 and b a 1=1 LEED pattern at the accelerating voltage of 80 eV.
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perature dependence nor dynamics at steady
state can be studied in this way because the
surface temperature is scanned during measure-
ments. Furthermore, surfaces are sometimes re-

w xconstructed during heating procedures 16 .
In the present work, the velocity of product

Ž .CO was determined over a Pt 557 sample2

subjected to a constant flow of the reactant
gases and fixed surface temperatures. The sur-
face structure is shown in Fig. 1a. AR-TDS
studies of this surface show CO desorption2

Ž .dynamics similar to that exhibited by Pt 111
w x17,18 .

Past research on the surface temperature de-
pendence of the velocity of desorbing product
CO has provided contradictory results.2

Poehlmann et al. first showed that the transla-
Ž .tional energy on Pt 111 could be described as

² : ² :E q2kT , where E is the excess en-ex s ex

ergy, k is the Boltzmann constant, and T is thes
w xsurface temperature 19 . On the other hand,

Brown and Sibener once reported that the trans-
lational energy was independent of the surface

Ž . w xtemperature over Rh 111 20 . Even so, they
argued recently that the energy increased with a
slope of 8.7k against the surface temperature
w x21 . Moreover, reaction conditions could not be
located with certainty as being in the active or
inhibited region, although the amount of ad-
sorbed reactants changed drastically in the
boundary and the velocity was sensitive to the

w xreactant coverages 7,15,22 . The internal en-
ergy of desorbing CO was determined to be2

higher than that expected from the surface tem-
perature through infrared-chemi-luminescence or

w xinfrared-absorption measurements 3–6,23–26 .
Mantell et al. reported increases in the asym-
metric stretching temperature larger than given
increases in surface temperature. They therefore
predicted a simultaneous reduction in the trans-

w xlational energy 27 . The same group argued
that the rotational energy was largely reduced

w xwith decreasing oxygen coverage 28,29 . The
measurements were mostly performed at rather
high pressures and high surface temperatures
because of the very low sensitivity of the

methodology employed. This paper is the first
to report on translational energy under condi-
tions similar to those for the infrared-work.

2. Experimental

The apparatus consisted of a reaction cham-
ber, a chopper chamber, and an analyzer cham-
ber. A top view of the apparatus is shown in
Fig. 2. The reaction chamber had low energy

Ž .electron diffraction LEED , X-ray photo-
electron spectroscopy optics, an Arq gun, a
mass spectrometer, and a gas-handling system
that included both nozzles for free jets of CO
and oxygen and variable leak-valves for back-
filling the reactant gases. It was pumped by a
turbo-molecular pump of 1500 lrs.

The chopper chamber was pumped with a
turbo-molecular pump and a cryo-panel cooled

Žbelow 40 K with a pumping rate of about 6500
.lrs . The chopper disk had slots of equal width

Ž .1 mm=6 mm ordered in a pseudo-random
Žsequence with a double sequence of 255 ele-
.ments each . A time resolution of 20 ms was

obtained at a rotation rate of 98.04 Hz. The
trigger position was determined from curve-fit-
ting an effusive Ar beam at room temperature to
a Maxwellian distribution. The arrival time at
the ionizer of the other mass spectrometer in the
analyzer chamber was registered on a multi-
channel scaler running synchronously with the
chopper blade. TOF distributions were obtained
after deconvoluting the raw-TOF spectra by us-
ing a standard cross-correlation deconvolution

w xtechnique 30 . The flight path between the
chopper blade and the ionizer measured 377
mm, and an ion drift time of 40 ms was deter-
mined in separate experiments. The first slit was
in a rectangular shape and the second was a
drift tube 50 mm long and of 4 mm inside
diameter.

Under the experimental conditions used, even
when the total reactant pressure was 1=10y4

Torr, the energy transfer between the product
CO and the reactant molecules was negligible2
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Fig. 2. Apparatus for velocity measurements at steady state. S: sample crystal, RL: reverse view LEED, S1: first slit, XPS: electron energy
analyzer, IG: ion gun, QM 1 and 2: quadrupole mass spectrometer, C: random chopper, M: motor, PC: photo-cell for trigger, CP: cryogenic
plate, N: gas nozzle, W1;5: window, NT: liquid nitrogen-cooled plate.

because the mean free path was about 2 m long.
Ž . Ž .A platinum 557 crystal MaTeck, Germany

was mounted on top of the manipulator and
Žrotated to change the desorption angle polar

.angle, u . It was cleaned in the standard proce-
dure and was annealed in vacuo up to 1150 K
w x22 . The LEED pattern at this stage showed a

Ž .sharp 1=1 structure as shown in Fig. 1b.

3. Results

3.1. Kinetic studies

The steady-state CO production rate was2

monitored in angle-integrated form by the mass
spectrometer in the reaction chamber and in
angle-resolved form by a second mass spec-
trometer in the analyzer chamber. No essential
difference was observed in kinetics. The depen-
dence on the surface temperature is shown in
Fig. 3a. The CO rate was negligible below 4502

K, but it increased rapidly to a maximum with
increasing surface temperature before decreas-
ing again at higher values. The maximum was
shifted to higher values with increasing total

Ž .pressure, so long as CO partial pressure PCO
Ž .was close to that of oxygen P . The maxi-O2

mum became broad at P -P showing aCO O2

rather constant rate below 640 K.
The CO pressure dependence was character-

ized by sharp transitions at certain P values.CO

Below these values, the reaction was first-order
in CO and independent of the surface tempera-
ture, whereas above them, it was of a negative-
order with respect to CO and sensitive to the
temperature. Hereafter, the former is named the
‘active region’ and the latter the ‘inhibited re-
gion.’ The results at 3=10y5 Torr O are2

shown in Fig. 4a. The critical P value in-CO

creased with increasing O pressure and also2

with increasing surface temperature. Such kinet-
ics was observed in the 1=10y6 Torr to 1=
10y3 Torr O range.2
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Ž .Fig. 3. a Variation of steady-state CO formation rate with2

surface temperatures at different CO pressures and a fixed O2
Ž .value. The rate was monitored in angle-integrated form. b

Translational temperature of desorbing CO under the above2

conditions. The arrows show the positions for velocity distribu-
tions in Fig. 6.

3.2. Velocity distribution

Angular distributions of CO are slightly dif-2

ferent in the two regions. The distribution
7Ž .showed a cos uy3 form in the active region

when the angle was varied in a plane perpendic-
ular to the step edges. The desorption is colli-
mated 38 off the surface normal, and this is
consistent with the earlier work by using AR-

w xTDS 17 . However, it also showed a broader
4Ž .distribution of cos u in the inhibited region.

The velocity distributions of desorbing CO2

in the normal direction at different CO pressures
are shown in Fig. 5, where the surface tempera-
ture was 593 K and the O pressure was 3=2

10y5 Torr. The distributions are largely shifted
from a Maxwellian distribution at the surface
temperature shown by the dashed lines. The
translational temperature, defined as T s²E:

² :E r2k, was derived from curve-fitting to a
modified Maxwellian distribution form. How-
ever, the normalized speed ratio, defined as
Ž² 2: ² :2 .1r2 Ž .1r2Õ r Õ y1 r 32r9py1 , where Õ

² :is the velocity of the molecule, Õ is the mean
² 2:velocity, and Õ is the mean square velocity,

was close to unity. The resultant temperature
was 2020"50 K at 2.0=10y6 Torr of CO. It
decreased to 1810"50 K at 1.0=10y5 Torr of
CO and further to 1400"50 K at 5.0=10y5

Torr of CO. These values are plotted as a
function of CO pressure in Fig. 4b. In the
inhibited region, the translational temperature
decreased rapidly with increasing CO pressure
when the fixed oxygen pressure was at 1=10y5

Torr. On the other hand, this sharp decrease was
already apparent in the active region when the
oxygen pressure was 1=10y4 Torr. In both
regions, the translational temperature decreased

Fig. 4. Variation of CO formation rate with CO pressures at2

different surface temperatures and a fixed O pressure. The rate2

was monitored in angle-integrated form. The inserted numbers
Ž .indicate the slope. b Translational temperature of desorbing CO2

at T s593 K. The arrows show the positions for velocity distribu-s

tions in Fig. 5.
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quickly with increasing desorption angle. This
is consistent with an activation barrier model
where a repulsive force for the desorption is
exerted only along the reaction site normal.

3.3. Surface temperature dependence

The translational temperature of CO is2

shown as a function of the surface temperature
at two fixed CO pressures in Fig. 3b. The value
of T remained around 2000 K in the active²E:
region when CO pressure was 2=10y6 Torr
for surface temperatures of 500 K;670 K. It
increased with temperature at a slope of 2 above
this range. It should be noticed that the CO2

formation rate remained constant below 620 K
and decreased above this temperature. On the
other hand, the translational temperature in-
creased with a slope of 1.5 in the range of 500
K;800 K when the CO pressure was 1.5=
10y5 Torr. This slope is close to the results on
Ž . w xPt 111 reported by Poehlmann et al. 19 . The

Fig. 5. Typical velocity distributions of desorbing CO at T s5932 s
Ž . Ž . Ž .K in the a active, b transition, and c inhibited regions. The

conditions are shown by the arrows in Fig. 4b. The solid curves
were obtained by curve-fitting. Their peak positions are indicated
by the vertical bars. The resultant T values are also inserted. A² E:
Maxwellian distribution at the surface temperature is drawn by the
dashed curves.

Fig. 6. Velocity distributions of desorbing CO at different sur-2

face temperatures in the inhibited region at P s1.5=10y5
CO

Torr. The conditions are shown by the arrows in Fig. 3b. The solid
curves were obtained by curve-fitting. Their peak positions are
shown by the vertical bars. Each T value is also inserted. The² E:
dashed curves show Maxwellian distributions at surface tempera-
tures.

reaction was in the inhibited region below 620
K, and the CO coverage decreased above it with
increasing surface temperature. Velocity distri-
butions at different temperatures are shown in
Fig. 6. The maximum position indicated by the
arrows was clearly shifted to higher values as
the temperature increased. A constant transla-
tional energy in the active region and a steep
increase in the inhibited region were also ob-
served at lower O pressures.2

4. Discussion

4.1. CoÕerage effect

The translational energy of desorbing CO2

showed different values in the active and inhib-
ited regions. The observed variation cannot be
explained simply by a coverage effect. It is
well-known that the CO coverage increases
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steeply to an equilibrium level with increasing
CO pressure above the critical value, whereas
oxygen adatoms are gradually suppressed as CO
pressure rises to the critical value. Above this
value, the adatoms decrease to negligible
amounts. This change is caused by a switching
of the rate-determining step from CO adsorption
to oxygen dissociation under the condition that
the reaction of adsorbed oxygen with adsorbed
CO occurs much faster than the adsorption of

w xeither CO and oxygen 31 .
The translational energy is high at high oxy-

gen coverages, and is reduced with decreasing
coverage towards the critical CO pressure. This
coverage change cannot explain a further de-
crease of the energy above the critical CO pres-
sure. Above the critical value, the amount of

Ž . Ž .CO a is much higher than that of O a , and it
increases slowly with CO pressure. This CO
amount is less than one-third of saturation, above
which the oxygen adsorption is severely re-
tarded. Nevertheless, the translational energy
continues to decrease sharply at higher CO pres-
sures. Furthermore, the temperature dependence
in the inhibited region is quite similar to that in
the active region above the bending point of
approximately 600 K. The CO coverage in the
inhibited region decreases with increasing tem-
perature. However, the effect of this change
does not hold above the maximum CO forma-2

tion temperature, because the oxygen coverage
decreases and adsorbed CO is very low. The
local structure of the reaction site probably plays
a more important role in realizing the transla-
tional energy than the average coverage does.
This phenomenon was not noticed in the
ARTDS–TOF work, where both coverages were

w xhigh 2 .

4.2. Temperature effect

The following relation was derived for the
mean kinetic energy from the simple activation

w xbarrier model 32–34 ,
2² :E skT eq1 q1 r eq1 , 1Ž . Ž . Ž .½ 5s

where the parameter e is defined as esE rkT .b s

E is the height of the activation barrier forb

dissociatiÕe adsorption of CO . This desorption2

model is over-simplified because only one-di-
mensional repulsive potential is considered and
the variation of energy partition into the internal
modes is ignored. However, it may reasonably
be considered to predict characteristic behavior
of the reaction sites in a qualitative sense. The

² :value E remains invariant for e41 in sur-
face temperature, where the kinetic energy is
solely determined by the barrier height. This is
consistent with observations in the active re-
gion. On the other hand, it would increase with
a slope of 2k with the surface temperature for
e<1, where a full accommodation should be
obtained. This characteristic is probably consis-
tent with that in the inhibited region where the
translational energy decreases towards the sur-
face temperature. Thus, different reaction sites
are suggested to be operative in the two regions.

² :The E value in the active region is about
2000 K, yielding E s8 kcalrmol. This valueb

² :is high enough to keep the E value constant
² :below 600 K. The E value decreased below

1400 K in the inhibited region and the corre-
sponding value of E should be less than 3b

kcalrmol. However, this value is too small to
² :predict the observed E value at high tempera-

tures.
The oxidation of CO on platinum metals is

likely to take place on oxygen adsorption sites
w xbecause of the high mobility of CO 2,35 . On

the present surface, there are six-atom-wide ter-
Ž .races of a 111 structure and one-atom-high
Ž .steps of a 001 structure. According to the

angular distribution measurements, the reaction
Ž .is likely to take place mostly on the 111

terraces.
The barrier height depends on the distance of

the activated state from the surface metal plane.
It should decrease with increasing distance be-
cause the repulsive force between nascent CO2

and the surface is due to a Pauli repulsion. This
distance may be reduced on reaction sites sur-
rounded by oxygen adatoms, because the oxy-
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gen atoms are located deeply on the surface. In
˚Ž .fact, oxygen on Pt 111 is 0.85 A from the

w xmetal plane 36 . On the other hand, the acti-
vated state may be far from the metal plane
when the reaction site is surrounded by CO
sitting on platinum atoms. This consideration
leads to the prediction that CO leaves the2

surface with a high kinetic energy in the active
region, and the product molecules are not
strongly repulsed in the other. In other words,
the energy transfer from activated CO to the2

surface may take place quickly on the CO-
covered surfaces. This prediction should be ex-
amined by internal energy measurements.

Mantell et al. reported that the internal en-
ergy of desorbing CO over polycrystalline plat-2

inum increased more than an increase in the
surface temperature and predicted a reducing
translational energy at higher temperatures. This
is not consistent with the present observation.
Here, we have to consider another possibility
that the energy partition itself depends on the
surface temperature. The potential energy of the

Ž .activated state of CO formation on Pt 111 was2

estimated about 30 kcalrmol above the vacuum
level at small coverages although it was shifted

w xtowards smaller values at higher coverages 13 .
A large amount of the potential energy is re-
leased when CO is formed. However, only2

about 20% of the energy is converted into the
translational form. The internal modes of CO2

receive more energy, about 25% of the potential
energy, according to infrared chemi-lumines-

w xcence analysis 25 . This indicates that the en-
Ž .ergy is largely about 50% transferred into

surface modes. This transfer may be reduced at
higher temperatures as predicted from smaller
energy accommodation coefficients at elevated
temperatures in scattering experiments of CO2

w xover platinum 37 .

5. Summary

The velocity distribution of desorbing prod-
uct CO was studied in the CO oxidation on a2

Ž .Pt 557 surface at steady state. The translational
energy of CO is very high and insensitive to2

the surface temperature in the active region. It
decreases sharply with increasing CO partial
pressure in the boundary region where the reac-
tion switches into the region inhibited by CO.
The translational energy in the latter is rela-
tively low and increases with increasing surface
temperature. Different accommodations are pre-
dicted on the reaction sites in both regions
according to the simple activation barrier model.
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