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The catalytic oxidation of CO on a commercial Pt/Al,O; catalyst has been studied at a total
pressure of one atmosphere using Fourier transform infrared spectroscopy. Simultaneous measure-
ments of steady-state reaction rates and CO surface coverages were obtained at temperatures
between 460 and 520 K. During oxidation, the frequency of the infrared absorption peak of linear-
bonded CQ is invariant at 2081 cm~! at 520 K over nearly a 100-fold change in CO surface coverage.
This peak position is within 1 cm™ of that found for saturation coverage in the presence of pure CO
at one atmosphere. In contrast, under nonreactive desorption, large shifts in frequency are found as
the CO surface coverage changes. The ratio of the intensities of the absorption bands due to both
linear and bridge-bonded CO was constant during oxidation. These observations are interpreted as
resulting from the formation of islands of CO during the oxidation reaction. Hysteresis in both CO
reaction probability and CO surface coverage are found which are inversely related. Thus CO
blocks active sites on the Pt for the reaction. The width and shape of the hysteresis loops as a
function of temperature are qualitatively understood in terms of the rate of CO desorption from the
Pt surface. At very high surface coverages, changes in the reaction probability are not accompanied
by changes in adsorbed CO. This may be due either to the formation of surface species, unobserved
in ir, which block the reaction or to the presence of a small number of very reactive Pt sites which

are blocked with only a very small change in CO surface coverage.

INTRODUCTION

The catalytic oxidation of carbon monox-
ide has been studied extensively because of
its practical importance and the relative
simplicity of the reaction. Much of the ef-
fort expended in trying to elucidate the se-
quence of elementary steps in CO oxidation
has been directed at polycrystalline and sin-
gle crystal metal surfaces at low pressures
(=1072 Pa). The literature related to surface
studies of CO adsorption and low pressure
CO oxidation on metal surfaces has been
recently reviewed by Engel and Ertl (/).
Recent analyses on a wide variety of metal
surfaces at low pressure (2-12) strongly
support the Langmuir-Hinshelwood mech-
anism (CQ,q reacting with O,4) over the al-
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ternate Eley-Rideal mechanism (CO in the
gas phase or in a weakly bound precursor
state reacting with adsorbed oxygen). How-
ever, the commonly employed assumption
that the adsorbed reactants are in equilib-
rium with the gas phase does not appear to
be generally valid for CO oxidation on Pt.
For example, Herz and Marin (/3) invoke
rate-limiting adsorption kinetics to fit CO
oxidation rate data on Pt/Al,O; at atmo-
spheric pressure. Creighton et al. (14) have
reached the same conclusions for CO oxi-
dation at low pressures on Pt foils. There is
also a growing body of experimental data
which suggests that domains or islands of
the reactants form during the low pressure
oxidation of CO (3-5, 9, 10, 15, 16). Engel
and Ertl (1) provide arguments that, below
the temperature for which the reaction
reaches its maximum rate, the catalytic re-
action of CO is only affected by the ratio of
partial pressures of reactants and not the
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total pressure, i.e., rco = kPo,/Pco. These
authors point out that knowledge acquired
about this reaction at low pressure may be
able to leep the ‘“‘pressure gap’’ and thereby
be applicable at high pressures. The series
of experiments at low pressure have, there-
fore, laid the foundation for extending in-
vestigations to supported catalysts at atmo-
spheric pressure.

To obtain surface information at high
pressures, infrared spectroscopy is often
employed. It is especially valuable since it
can yield both structural and quantitative
information. Eischens and co-workers
(17, 18) were the first to examine the ad-
sorption of CO on supported catalysts with
infrared spectroscopy. A portion of the vast
infrared literature concerning CO adsorbed
on metals and supported catalysts has re-
cently been reviewed by Sheppard and
Nguyen (/9). Baddour and co-workers have
combined infrared spectroscopy with reac-
tion rate measurements to simultaneously
obtain relative CO surface coverage and
oxidation rates with supported Pd (20) and
Pt (21) catalysts. The poor sensitivity of
dispersive infrared spectroscopy, however,
limited the range of CO coverages that
could be followed.

Fourier transform infrared spectroscopy
(FT-IR) is significantly more sensitive than
dispersive infrared spectroscopy due to its
multiplex and optical throughput advan-
tages (22). It therefore allows much greater
variations in CO surface coverages to be
followed. In this study, FT-IR is used to in-
vestigate the oxidation of CO on an alu-
mina-supported platinum catalyst. Simulta-
neous CO coverage and reaction rate
measurements have been followed over
nearly a 100-fold range of surface coverage.
However, absorption by the support pre-
vents the observation of adsorbed oxygen
or the Pt-C vibrations which occur below
the absorption cut off of the support
(23, 24). Nevertheless, the use of FI-IR cou-
pled with simultaneous reaction rate mea-
surements can increase the understanding
of the catalytic oxidation of CO on sup-
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ported catalysts under high-pressure oper-
ating conditions.

METHODS

The catalyst used in this work was a com-
mercially available 1% platinum on a y-alu-
mina support with a total surface area of 95
m?%g (Alpha Products). Transmission elec-
tron microscopy (TEM) of the fresh cata-
lyst showed that the Pt particle size was
~40 A. After cleaning and reaction rate
measurements, the Pt particle size in-
creased to ~50 A. The resolution of the
TEM (10 A) was sufficient to show that the
particle size distribution was very narrow.
The particles were all within ~20% of the
size reported. An alumina support was
studied simultaneously in order to deter-
mine support effects. It was prepared from
Degussa Alon C y-alumina with a BET sur-
face area of 110 m%*g. Wafers of each mate-
rial were formed by pressing ~50 mg of the
powders as described previously (25). The
resulting sample disks were 13 mm in
diameter and ~250 um thick. Both samples
were placed in a quartz holder within the
infrared cell which was part of a recirculat-
ing-flow reactor. The infrared cell was con-
structed of quartz with KBr windows ce-
mented on both ends. In order to accurately
monitor gas-phase concentrations, the opti-
cal pathlength of the cell was 10 cm. A ni-
chrome wire heater was wrapped around the
cell beneath a layer of insulation. Two ther-
mocouples (0.1 mm diameter chromel-alu-
mel) were placed in the cell. One was
pressed against the catalyst sample to moni-
tor its temperature under reactive condi-
tions. The other was placed ~5 mm from
the Pt catalyst to monitor the gas-phase
temperature. The furnace temperature was
controlled using the thermocouple attached
to the catalyst. The results presented in this
study are for steady-state isothermal cata-
lyst conditions at 460, 490, and 520 K. The
exothermicity of the reaction resulted in the
temperature of the catalyst being measur-
ably higher than that of the gas phase dur-
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ing reaction. Since the furnace was con-
trolled by the catalyst temperature, only the
gas-phase temperature varied. Under the
most adverse conditions, at the highest
temperature and reaction rate, the tempera-
ture of the gas was never more than 40 K
less than the catalyst temperature.

The entire catalyst cell was mounted on a
computer-controlled lateral positioner with
1 um spatial resolution and a total travel in
one direction of 50 mm. Movement of the
cell allowed spectra to be obtained alter-
nately of the gas phase, catalyst, or sup-
port. The 1 um precision of the positioner
allowed accurate spectral subtractions to be
obtained due to the precise repositioning of
the samples.

The infrared cell was connected to a bel-
lows-type gas pump and gas inlet apparatus
by means of flexible stainless-steel hoses to
allow free motion of the cell. The bellows
pump was operated at its maximum recycle
flow rate of 6 liters/min. The reactant gases
were blended in rotometer flow tubes be-
fore being introduced into the recirculating
flow system. The gases used during oxida-
tion rate studies were certified mixtures of
5% O, in nitrogen and 10% CO in nitrogen.
Twenty-one percent O, in nitrogen and
99.99% CO were used during catalyst
cleaning operation discussed below. Early
experiments were performed without a
metal carbonyl trap on the CO gases. Later
a carbonyl trap was added with no appre-
ciable change in the results. Nitrogen at an
initial purity of >99.998% was passed
through a gas purifier to reduce H,O and O,
impurities to <0.1 ppm during CO desorp-
tion experiments. Under reaction condi-
tions, the input flows were always <15% of
the recycle flow rate to approximate gra-
dientless reactor conditions (<3% conver-
sion/pass). The total exit flow was mea-
sured to +2% by timing the volume of gas
passing through a dry test gas volume me-
ter. During the CO oxidation rate experi-
ments, the 5% O, in N, flow was kept con-
stant while the flow of 10% CO in N, was
varied. The resultant concentration of CO,
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0O,, and CO, in the reactor varied from 108
to 107¢ g mole/cm? with typical values of 5
x 1077 g mole CO/cm?, 5§ X 1077 g mole Oy
cm?, and 2 x 1077 g mole COy/cm? at the
maximum in rate of 2.3 X 10% g mole CO/
sec observed at 490 K. The rate data are
reported as reaction probability (dimen-
sionless) where the turnover number was
divided by the CO incidence rate.

Because the maximum temperature of
the cell (575 K) was insufficient for obtain-
ing a spectroscopically clean catalyst, reac-
tive cleaning of the catalyst was employed.
A stoichiometric excess of carbon monox-
ide was mixed with 21% O, in N, while the
catalyst cell was held at 550 K. The exo-
thermic oxidation reaction occurring on the
catalyst surface resulted in measured cata-
lyst temperatures of 925 K. The combined
high temperature and reactive environment
served to clean the catalyst as discussed
later.

Infrared spectra were obtained with a Nic-
olet 7199 FT-IR spectrometer. A special
high-throughput optical bench, described
previously (25), was used to improve sensi-
tivity for the low transmission catalyst sam-
ples. The spectrometer was purged with
dry nitrogen to eliminate interference from
COq in the spectrometer atmosphere. Infra-
red spectra were obtained at 4 cm™! resolu-
tion with 200 interferograms averaged. To
obtain the infrared spectra of surface spe-
cies under reaction conditions, spectra of
the clean catalyst and gas phase at the reac-
tion temperature were each separately sub-
tracted from the spectra of the catalyst dur-
ing reaction.

Infrared spectra measured through the
catalyst under steady-state reaction condi-
tions provided information to simulta-
neously measure CO surface coverage and
CO oxidation rate. If gradientless condi-
tions are assumed, then the steady-state CO
oxidation rate can be calculated from the
measured CO and CO; concentrations in
the reactor, the known concentrations of
the gases before mixing, the stoichiometry
of the CO oxidation reaction, and the mea-
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sured flow of gases exiting the reactor. The
gas-phase CO and CO, concentrations in
the reactor are readily determined from the
strength of their infrared absorptions. Be-
cause the absorptions of these gases do not
follow Beer’s law at 4 cm™! resolution, cali-
bration curves of infrared absorption vs
concentration were derived from gas mix-
tures calibrated by gas chromatographic
methods.

Reaction rates were measured in the cell
without the Pt/Al,O; sample. These experi-
ments showed that reaction occurring in the
absence of the catalyst was always less than
2% of the reaction rate measured with the
catalyst under identical conditions.

RESULTS

The infrared spectrum of the Pt/Al,O;
catalyst is shown before, during, and after
the high temperature reactive cleaning in
Fig. 1. Before cleaning, the spectral fea-
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FI1G. 1. Spectra of Pt/ Al,O;4 catalyst (A) before clean-
ing at 550 K, (B) during cleaning in high temperature
925 K reactive CO and O, environment (gas phase
spectra subtracted), (C) after cleaning at 550 K. The
vertical bar indicates scale in absorbance units.
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tures include a broad structured band
above 3000 cm™! due to free OH groups
(>3600 cm™) and hydrogen-bonded OH
groups (<3600 cm™?) present on the Al,O;
support (Fig. 1A). Hydrocarbon impurity
bands appear between 2800 and 3000 cm™!.
Carbon dioxide permanently trapped within
closed pores of the alumina support has a
strong absorption at 2343 cm™ (26, 27).
The region between 1700 and 1200 cm™ in-
cluded carbon-oxygen impurities such as
carbonates, formates, and bicarbonates on
the Al,O; surface. Below 1100 cm™! absorp-
tion by the ALO; support becomes appre-
ciable and spectral information below 1025
cm™! cannot be measured. Figure 1B shows
that during the high-temperature reactive
cleaning (catalyst temperature measured at
925 K in a stoichiometric excess of CO) all
hydrocarbon impurities are removed along
with hydrogen-bonded OH groups and most
of the carbon-oxygen impurities. Only a
small amount of free OH groups remain
along with the trapped CO, which is dis-
torted by the poor subtraction of the highly
absorbing gas phase CO,. Following the
cleaning procedure, H,O impurities (<0.1
ppm) in the flowing N, gradually replace
much of the OH on the alumina surface, but
Fig. 1C shows that the catalyst remains rel-
atively free of other contaminants.

The complete absence of hydrogen-
bonded OH during reactive cleaning is
noteworthy since even temperatures ex-
ceeding 1150 K in vacuum do not eliminate
all hydrogen-bonded OH from ALQO, (28). It
is quite possible that reaction between CO
and OH on the alumina occurs at this ele-
vated temperature on Pt/Al,O; as has been
proposed previously by Foger and Ander-
son (29). The OH groups on the separate
Al,O; sample are only slightly removed al-
though the temperature of this sample
which does not promote the CO oxidation
remains at ~550 K. It is also possible that
the Pt/Al,O; surface temperature exceeds
the 925 K temperature measured by the
thermocouple. The high-temperature reac-
tive cleaning of the catalyst does result in a
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F1G. 2. Spectrum of catalyst during steady-state CO
oxidation reaction at 520 K (A) after spectrum of clean
catalyst subtracted, (B) further subtraction of gas
phase.

partial sintering of the Pt catalyst as evi-
denced by a ~20% decrease in the maxi-
mum intensity of the infrared bands associ-
ated with CO adsorbed on Pt. A
simultaneous small increase (~3 cm™) in
the infrared frequency of the linearly bound
CO also suggests sintering of the Pt as dis-
cussed by Solomennikov et al. (30). Trans-
mission electron microscopy of the catalyst
showed an increase of the average Pt parti-
cle size to ~50 A after cleaning.

Figure 2A shows the spectrum of the cat-
alyst during steady-state oxidation of CO at
520 K after the spectrum of the clean cata-
lyst has been digitally subtracted. Gas-
phase CO and CO, are observed along with
chemisorbed CO and carbon-oxygen spe-
cies generated on the Al,O; during the reac-
tion. Further subtraction of the gas-phase
spectra results in the spectrum presented in
Fig. 2B. In agreement with traditional as-
signments (/9), the peak centered at 2080
cm™! has been assigned to CO linearly
bound to the Pt metal surface while the
broad, low-intensity peak centered at 1840
cm™! has been assigned to bridge-bonded
CO.

The 2035 cm™ shoulder on the low en-
ergy side of the 2080 cm™ band is not a
result of band distortion due to scattering
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(i.e., Christiansen effect) since other bands
are not similarly distorted and this shoulder
is not present at very low CO coverages as
discussed later. The assignment of this
shoulder is somewhat ambiguous, but it
may be a result of CO adsorbed on low co-
ordination Pt sites. The low coordination Pt
sites are expected to result in a lower C-O
stretching frequency as discussed by van
Hardeveld and Hartog (3/7).

The bands below 1700 cm™! are depen-
dent on temperature and gas-phase concen-
trations. Their frequencies correspond to
carbonates, bicarbonates, and formates ad-
sorbed on the Al,O; support. Although
there are some questions in the literature as
to specific assignments, the peaks in this
region have all been observed previously
for species adsorbed on Al,O5 after expo-
sure to CO or CO, (32 -41).

The steady-state CO oxidation rate data
for the catalyst controlled at 460 K are pre-
sented in Fig. 3 where the CO reaction
probability (dimensionless) is plotted as a
function of the ratio of mole fractions of the
reactant gas concentrations within the reac-
tor. The reaction probability is plotted
rather than the directly measured total rate
since this accounts for the changing CO flux
to the surface. By plotting the reaction
probability vs the ratio of reactant concen-
trations in the reactor, provision is made for
the fact that the partial pressure of neither
reactant is held constant within the reactor
during reaction for the series of isothermal
steady-state experiments. In addition, the
hysteresis is made more apparent and the
reactant ratio is the suggested link between
high- and low-pressure studies (/).

The linear-bonded CO infrared peak
height, which was measured simulta-
neously with the 460 K steady-state CO re-
action probabilities, is also presented in
Fig. 3. A very pronounced hysteresis in
both the reaction probability and CO infra-
red peak height is observed in the data in
Fig. 3. Hysteresis effects have been ob-
served previously for the catalytic oxida-
tion of CO and some of the results have
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F1G. 3. Steady-state CO oxidation probability and infrared peak height of linear-bound CO (in
absorbance units) at 460 K as a function of the relative reactant concentrations in the reactor. Solid line
with circles represents reaction probability while dashed line with squares represents CO peak height.
Open symbols represent data taken with CO increasing and filled symbols represent data taken with

CO decreasing.

been reviewed by Hlavacek and Votruba
(42). As CO is initially added to oxygen in
the reactor, the CO reaction probability re-
mains fairly constant. When the CO con-
centration approaches stoichiometry the re-
action probability drops sharply. In this
region of rapidly decreasing CO reaction
probability, periodic oscillations in reaction
rate, catalyst surface temperature, and CO
surface coverage are observed. This is the
region where the model calculations of
Herz and Marin (/3) predict multiple rate
solutions to occur. These results will be dis-
cussed in more detail in a later publication.
The reaction probability is nearly quenched
(<5% of the maximum) around the stoi-
chiometric point (i.e., Xo,/Xco = 0.5).
There is, however, measurable reaction still
occurring on the catalyst indicating that the
reaction is not fully quenched. After the
catalyst has been exposed to sufficient CO
to retard the rate, a reduction in CO con-
centration does not yield the expected rapid
increase in CO reaction probability. In-

stead, the CO reaction probability remains
low until an additional small decrease in the
input CO causes the reaction to suddenly
ignite. The result is a rapid temperature rise
of the catalyst wafer (= 100 K) which per-
sists only briefly as the temperature con-
troller brings the catalyst temperature back
to the set point. The ignition of the reaction
results in data which are widely separated
on the abscissa even though there has been
only a small change in the input CO concen-
tration. The lower branch of the rate loop is
stable and reversible as long as the reactant
concentrations remain below the ignition
point.

The hysteresis in the CO infrared peak
intensity in Fig. 3 inversely parallels the
hysteresis in reaction probability. Inte-
grated intensities and peak heights yield
similar results, but integrated intensities
tended to be less precise due to their greater
dependence on baseline corrections. Addi-
tional rate and CO surface-coverage hyster-
esis loops were obtained at higher tempera-
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F1G. 4. Steady-state CO oxidation probability and infrared peak height of linear-bound CO (in
absorbance units) at 490 K as a function of the relative reactant concentrations in the reactor. Solid line
with circles represents reaction probability while dashed line with squares represents CO peak height.
Open symbols, CO increasing; filled symbols, CO decreasing.

tures. Figure 4 illustrates steady-state data
obtained at 490 K while Figs. 5 and 6
present data acquired at 520 K. Note that
the widths of the hysteresis loops decrease
with increasing temperature for both the
reaction probability and infrared peak
height of adsorbed CO. At 520 K the hyster-
esis loop has almost completely collapsed
although there is still a very definite ignition
of the reaction which results in a brief 100 K
increase in the catalyst temperature. The
features of the reaction probability and CO
surface coverage continue to parallel each
other at each temperature illustrating that
the reaction probability and CO surface
coverage are intimately linked.

Other trends noted in Figs. 3-6 are that
both the extinction of the reaction and the
corresponding increase of surface CO have
steeper slopes as the temperature is raised.
In addition the CO surface concentration is
lower at the higher temperatures for a cor-
responding X,,/X¢o until the rapid increase
in surface coverage is reached. It is impor-

tant to note that the maximum linear-
bonded CO coverage obtained at the two
lower temperatures under reaction condi-
tions corresponds to the saturation CO cov-
erage obtained when only pure CO is added
to the reactor at atmospheric pressure. At
520 K the saturation CO coverage is 20%
higher than the maximum CO coverage un-
der steady-state oxidation conditions.

The complex form of the coverage depen-
dence of the rate is shown in Fig. 7 which is
a plot of the CO reaction probability as a
function of the linear-bonded CO infrared
absorption intensity for the 520 K data pre-
sented in Figs. 5 and 6. Qualitatively similar
plots are obtained at the lower tempera-
tures. The catalytic activity is markedly
poisoned by the chemisorbed CO. How-
ever, it is surprising to note that the CO
reaction probability can still be at a moder-
ate level when the CO surface coverage
reaches its maximum value under reaction
conditions. A small increase in the CO inlet
concentration at this point results in a sharp
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F1G. 5. Steady-state specific CO oxidation reaction rate at 520 K as a function of the relative reactant

concentrations in the reactor. O, increasing CO;

reduction of the reaction with no increase in
the CO surface coverage. A careful exami-
nation of both the linear and bridge-bonded
CO shows that neither infrared absorptions
increase in intensity during this final extinc-

®, decreasing CO.

tion of the reaction. In fact, occasionally
there is even a slight decrease in the inten-
sity of these bands during the final rate ex-
tinction. At the same time that the rapid
drop in reaction rate occurs, the bands due
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to the carbonates, bicarbonates, and for-
mates on the Al,O; support decrease in in-
tensity. This latter observation is most
likely a result of the low rate of reaction and
the drop in gas phase CQO, concentration.
In addition to the infrared band intensi-
ties, the peak positions for the linear and
bridge-bonded CO were followed under re-
active and nonreactive conditions. The fre-
quency of the linear-bonded CO infrared
peak was found to be invariant during the
oxidation reaction even though the peak in-
tensities could be followed over changes of
almost two orders of magnitude. Figure 8
shows the linear-bound CO infrared band at
maximum coverage during oxidation at 520
K and at intermediate coverages represent-
ing approximately 50 and 5% of the maxi-
mum coverage. The peak position is invari-
ant at 2081 cm™! over this coverage range.
Lower coverages (<5%) result in a 1-3
cmlincrease in frequency at the three tem-
peratures studied. There is a slight increase
in the energy of the linear-bound CO
stretching vibration as the temperature is
lowered. Thus the position at maximum
coverage at 490 K is 2082 cm™! and 2084
cm™! at 460 K. At each temperature, the
CO stretching frequency under reactive
conditions are found to be within 1 cm™! of
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the frequency when the catalyst is exposed
to 100% CO at atmospheric pressure.
These results are in sharp contrast to the
changes in peak position observed for the
same band during nonreactive desorption of
CO into flowing N, at the same catalyst
temperatures. Figure 9 illustrates this point
at 520 K. The initial CO coverage was ob-
tained by exposing the catalyst to 10% CO
in N, at one atmosphere. A 34 cm™ de-
crease in the energy of the linear-bound CO
vibration results from the same 20-fold
change in peak intensity shown in Fig. 8.
During the desorption experiments, the
peak intensity and frequency shift of both
the linear and bridge-bonded CO are func-
tions of temperature, pretreatment, initial
CO gas-phase concentration, and the pres-
ence of trace impurities of O,. In addition,
steady-state isothermal adsorption experi-
ments involving 1 and 10% mixtures of CO
in N, show shifts to lower energy of 3-5
cm~!in the C-O stretching frequency rela-
tive to that found for adsorbed CO in 100%
CO at atmospheric pressure. The details of

— 2081
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FiG. 8. Difference spectra of linear-bonded CO at
different steady-state coverages during oxidation at 520
K.
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Fi1G. 9. Difference spectra of linear-bonded CO at
different coverages during thermal desorption into flow-
ing N, at 520 K.

a variety of CO thermal desorption experi-
ments will be the subject of a later paper
(43). The important point to note, however,
is the very different results for CO chemi-
sorption observed during reactive and non-
reactive conditions.

Because of the broad, low-intensity na-
ture of the bridge-bonded CO as well as
sloping baselines in that region, it was only
possible to follow the absorption of bridge-
bonded CO over a factor of three variation
in intensity. Within that limit, the bridge-
bonded CO does not appear to vary in peak
position. Furthermore, under reaction con-
ditions, the ratio of intensities of linear and
bridge-bonded CO is found to be invariant.
These points are illustrated in Fig. 10 where
50% coverage and 100% coverage are com-
pared for steady state at 520 K. In Fig. 10,
the absorption at 50% coverage has been
scale expanded such that the linear-bonded
CO peak intensities coincide. It is clear
from Fig. 10 that the bridge and linear-
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bonded CO coverages change at the same
rate. It is also apparent from Fig. 10 that the
shoulder on the 2081 cm™ peak scales with
the 2081 cm™! peak for moderate to high
surface coverage. However, at surface cov-
erages <=5%, the low frequency shoulder is
not present as exhibited in Fig. 11. The 5%
coverage 2081 cm™! peak at 520 K steady-
state oxidation conditions has been scale
expanded in Fig. 11 to the same intensity as
the maximum coverage peak. The absence
of the low-energy shoulder at low CO cov-
erage is readily apparent. A similar absence
of a low-energy shoulder at low CO cover-
ages is found under nonreactive desorption
conditions.

DISCUSSION

The most striking result of this study is
the invariance of the peak position of the
linear-bonded CO over almost 2 orders of
magnitude change in peak intensity during
the catalytic oxidation of CO on P/ALO;.

LINEAR CO
1
BRIDGED CO
|
2150 2050 1950 1850 1750 1650
WAVENUMBERS

Fi1G6. 10. Difference spectra of linear and bridge-
bonded CO at full and half coverage during steady-
state reaction at 520 K. Half coverage spectra scale
expanded such that intensities of linear-bonded CO
coincide for both coverages.
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FiG. 11. Maximum coverage and 5% coverage of
linear-bonded CO during steady-state oxidation at 520
K. (-——-) Maximum coverage, ( ) 5% coverage
scale expanded to same intensity as maximum cover-
age peak.

In addition, at each temperature this invari-
ant C-O stretching frequency during oxida-
tion is within 1 cm™ of the value obtained
under nonreactive conditions in 100% CO
at atmospheric pressure. The relative
amounts of linear and bridge-bonded CO
are also constant with changes in total CO
surface coverage over the range studied.
These results are in sharp contrast to the
large changes in peak position observed
with coverage during nonreactive thermal
desorption from the same catalyst. The
large shifts in infrared CO peak position
with surface coverage under nonreactive
conditions have been observed before on
supported catalysts (/8, 44) but have been
more extensively studied on ribbons or sin-
gle crystals of Pt, Pd, Ru, Cu, or Ir (45-51).
Studies with isotopic mixtures of CO
clearly demonstrate that coupling between
the adsorbed molecules is responsible for
the frequency shift. The coupling has been
explained as resulting from dipole—dipole
coupling, vibrational coupling arising from
through-metal interactions, coverage-de-
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pendent metal-adsorbate bond strength due
to a modification of the local field acting on
the adsorbate, direct intermolecular repul-
sion, or a combination of several of the
above (45-54). Recently, comparison of
frequency shifts predicted from theoretical
calculations with the experimentally mea-
sured shifts has suggested that dipole-di-
pole interactions can adequately account
for the infrared frequency shifts observed
on Pt (46, 54). However, it is apparent that
other adsorbate molecules (e.g., hydrocar-
bons, H,O, oxygen, etc.) can modify the
backbonding of the Pt d electrons to the 2
7* level in the adsorbed CO and cause a
shift in frequency of the observed CO
stretching vibration (55).

Nevertheless, the invariance of the CO
infrared band position under reaction con-
ditions indicates that either the environ-
ment of each chemisorbed CO molecule is
constant over a large range of CO surface
coverages or the expected change in C-0
stretching frequency is eliminated or com-
pensated by other environmental effects.
Co-adsorbed oxygen is known to increase
the C-O stretching frequency (56) and,
therefore, could compensate for decreases
in frequency with diminishing CO surface
coverage. However, the absence of fre-
quency shifts over the very large range of
CO surface coverages studied would seem
to reasonably eliminate an exact compensa-
tion by oxygen coadsorption. In addition,
the high-resolution electron energy loss
spectroscopy studies by Thomas and Wein-
berg (56) involving coadsorbed CO and O
on Ru(001) show that the C-O stretching
frequency shifts with coverage even in the
presence of fixed or changing oxygen cov-
erage. Thus the presence of coadsorbed ox-
ygen cannot reasonably account for the in-
varient. infrared CO frequency during
oxidation.

Therefore, during oxidation the local CO
environment of each chemisorbed molecule
is constant over nearly two orders of magni-
tude change in surface coverage. This local
environment must also be equivalent to that
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of saturated CO coverage since the infrared
peak positions and relative linear to bridge-
bonded CO coverages are the same as
found with CO adsorbed on the catalyst in
the presence of 1009% CO at atmospheric
pressure. These observations can be ac-
counted for by two possibilities: (i) the for-
mation of domains or *‘islands’ of CO oc-
curs on the Pt surface during oxidation or
(ii) mass diffusion limitations cause internal
concentration gradients such that a satu-
rated layer of adsorbed CO forms on the
outer surface of the catalyst wafer com-
bined with a sharp drop in €O surface cov-
erage inside this outer layer. The latter sce-
nario requires a near step ' function
dependence of CO surface coverage with
CO partial pressure. In the first case,
changes in infrared peak heights result from
changes in the size and/or number of CO
islands while in the latter case, changes in
peak height reflect changes in the thickness
of the region of the saturated CO coverage
within the wafer.

Both experimental evidence and mass
diffusion calculations eliminate the second
explanation and, therefore, confirm the for-
mation of CO islands during catalytic CO
oxidation. Mass diffusion limitations were
ruled out by performing the classical
Koros—Nowak experiment (57). For a 10-
fold change in Pt dispersion, the rates per Pt
site were within experimental error. Fur-
thermore, the concentration profile within
the disk was calculated using the CO con-
centration-sensitive reaction rate model
proposed by Herz and Marin (/3). The
measured value of the effective diffusivity
(0.02 cm?%/sec) was used with the constraint
that the calculated flux at the surface of the
disk match the observed rate. Under our
conditions, the calculated CO surface cov-
erage did not change throughout the disk.

Further evidence against a diffusion in-
duced saturated CO region at the edge of
the disk lies in the infrared spectra. The
change in shape of the infrared band with
CO coverage in Fig. 11 cannot be explained
by a change in the thickness of a saturated
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layer of CO. The change in the shoulder
observed in Fig. 11 may be due to changes
in adsorption of low-coordination sites with
the CO islands initially forming on the low-
index crystallite faces. In addition, the C-O
stretching frequencies cannot be explained
in terms of a diffusion-induced saturated
CO region layer. There is a 3-5 cm™! shift
to higher frequencies and an increase in
band intensity when the gas-phase CO con-
centration is changed from 1 to 100% CO
under nonreactive conditions. At the maxi-
mum rate of oxidation in these studies, the
CO concentration is ~1%, yet the CO infra-
red peak position is within | cm™ of that
found with 100% CO in the absence of oxy-
gen. A CO adsorption region layer caused
by diffusional limitations during reaction
with a steady-state CO concentration of
~1% would be expected to have a CO in-
frared frequency 3-5 cm™! lower than actu-
ally observed. The evidence for CO island
formation is therefore quite compelling.
The studies of Crossley and King (46, 47)
involving CO adsorption on single crystal
Pt suggest that a shift of the CO stretching
vibration to lower frequencies should be
observed as the CO island size becomes
very small since perimeter CO molecules
become a significant portion of the island.
Based on the 50 A Pt particle size used in
this experiment, it might then be expected
that a shift to lower energies should eventu-
ally occur over the nearly 2 orders of mag-
nitude change in CO coverage observed in
this study. However, an increase in vibra-
tional energy of 1 to 3 cm™! is observed at
each temperature as the CO coverage drops
below 2-5% of the maximum coverage dur-
ing oxidation. In our investigation, this ob-
servation could be attributed to the influ-
ence of coadsorbed oxygen which was not
present in the studies of Crossley and King.
The formation of islands of CO and possi-
bly oxygen has recently been suggested
from the interpretation of experiments in-
volving metal films or single crystals in the
presence of both CO and O, at very low
pressures (<1072 Pa) (3, 9, 10, 15, 16) or
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when CO and O, are coadsorbed on these
metals under UHV conditions (7, 5):
Ivanov et al. (3) suggested that the very
small preexponential factor for CO, forma-
tion in their CO oxidation studies at very
low pressures on Ir might be a result of sep-
arate islands of adsorbed CO and O. More
recently, Matsushima (9) found that ki-
netic data from 3C tracer experiments in-
volving the CO oxidation over Pt could be
explained in terms of adsorbed CO islands.
Coadsorption of oxygen and CO on single
crystal metal surfaces has been studied by
Ertl and co-workers (/, 5) using LEED
techniques. They find that during coadsorp-
tion both CO,4 and O,q form domains. Re-
flection—adsorption infrared studies have
been carried out on Pt (/5) and Ir (/6) rib-
bons which were covered with adsorbed
CO and then allowed to react with oxygen.
Since infrared CO band positions were
found to be nearly invariant, the authors
concluded that large CO domains were
formed under their reaction conditions near
room temperature at low pressures. Our
studies extend these recent findings for CO
island formation to Pt surfaces of a com-
mercial, high surface area Pt/Al,O5 catalyst
under steady-state reaction conditions at a
total pressure of one atmosphere. In addi-
tion, it was possible in this study to monitor
both linear and bridge-bonded CO surface
coverages during the oxidation of CO. Dur-
ing the revision of this manuscript, Cant
and Donaldson (58) reported infrared stud-
ies of CO oxidation on Pt/SiO,. They report
CO island formation in a dynamic reaction
system which is in agreement with our
steady-state results.

The existence of CO islands during reac-
tion has important implications in the use
of infrared spectroscopy to measure CO
surface coverage. In the absence of oxygen,
relative surface coverage cannot be ob-
tained from ir measurements alone since
the changing dipole—-dipole coupling with
coverage results in a change in the absorp-
tion coefficient per CO molecule. However,
under reaction conditions where the peak
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position is invariant (i.e., relatively large
CO islands and constant dipole-dipole cou-
pling), the band intensity should be an accu-
rate measure of relative CO surface cover-
ages. This feature of island formation
simplifies the interpretation of the simulta-
neous reaction rate and CO absorption data
obtained by ir spectroscopy. Thus, the CO
peak intensity plots in Figs. 3, 4, and 6 rep-
resent relative CO surface coverages as a
function of reactant concentrations.

The presence of islands also has some im-
portant implications regarding the possible
kinetic steps occurring on the Pt surface.
The presence of CO islands suggests that
either the reaction of CO and adsorbed oxy-
gen occurs at the perimeter of the islands or
the reaction proceeds by CO species not
readily observed by infrared. Because ad-
sorbed CO is more mobile than adsorbed
oxygen on the Pt surface at the tempera-
tures used in this study (/), the second pos-
sibility seems more reasonable. This latter
possibility would suggest that CO from the
gas phase could react with adsorbed oxygen
or more likely that the steady-state concen-
tration of reactive adsorbed CO was at a
very low concentration. The reactive CO
could be isolated adsorbed CO molecules
formed upon initial adsorption on an iso-
lated Pt site or formed by breaking away
from the perimeter of the islands. Under
these conditions, the infrared CO intensities
would only be due to those inactive species
adsorbed on the surface, and the infrared
intensities would serve only to provide in-
formation about that portion of the Pt sur-
face unavailable for reaction.

The inverse relationship between CO sur-
face coverage and reaction probability
(Figs. 3-6) is easily explained in terms of a
classical site blocking or * ‘poisoning’’ of the
Pt by the adsorbed CO. The branching
which leads to the hysteresis loop is gener-
ated when the catalyst becomes saturated
with CO on the surface. The high surface
coverage of CO aids the extinction of the
reaction. The necessity of removing some
of the adsorbed CO before the reaction can
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ignite results in the rate remaining low and
therefore the observed hysteresis. The de-
crease in the size of the hysteresis loop with
increasing temperature can be qualitatively
understood as resulting from the greater
rate of desorption of CO at higher tempera-
tures. Thus the onset of reaction ignition
can occur when there is more CO in the gas
phase at higher temperatures. This is rea-
sonable because there is a greater rate of
desorption of CO as the temperature is
raised from 460 to 520 K. This is observed
in our experiments involving CO desorption
into flowing N, (43), and it has been found
previously that the thermal desorption of
CO from Pt surfaces is rapidly changing in
this temperature range (59, 60).

The high oxidation rates of the upper
branch of the hysteresis loop are main-
tained because the surface coverage of CO
is kept low by the ongoing reaction. As the
CO partial pressure is increased, the rate of
CO adsorption is increased, and the result-
ing formation of larger islands of CO even-
tually reduces the reaction rate. The onset
of the extinction and the rate of change of
CO surface coverage are steeper at higher
temperatures because the increased rate of
CO desorption must be overcome by a
higher CO partial pressure to increase the
net rate of CO adsorption. Therefore, the
general features of the hysteresis loops pre-
sented in Figs. 3-6 can be explained in
terms of Pt site blocking by CO and
changes in the rate of CO desorption with
temperature.

However, adsorbed CO does not appear
to be the only factor influencing the extinc-
tion of the CO oxidation rate. The plot of
reaction probability as a function of CO sur-
face coverage (Fig. 7) clearly shows that
both the initial and final drop in reaction
probability are not accompanied by signifi-
cant changes in CO peak height. Neither
the linear nor bridge-bonded CO increase
during the final precipitous drop in reaction
probability. In fact, at times the final drop
in reaction probability can be accompanied
by a decrease in CO peak intensities (see
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for example the filled circles in Fig. 7 or the
filled squares in Fig. 4). Since no shift in
peak position accompanies this change, ab-
sorption coefficients should be considered
constant and a decrease in intensity will re-
flect a decrease in CO surface coverage.
Thus it is possible that some surface species
other than linear or bridge-bonded CO,
which has yet to be identified, is responsi-
ble for the rapid drops in CO reaction prob-
ability. In this case, the surface species re-
sponsible for the extinction are either
infrared inactive or in a region of the spec-
trum obscured by the absorption of the
Al,O; support or by the absorption of other
surface species. The species responsible for
the extinction of the reaction cannot, there-
fore, be directly determined from these ex-
periments. Alternatively, it is possible that
the final extinction is associated with the
coverage of highly reactive Pt sites which
are few in number. Thus, the rapid extinc-
tion of the reaction could occur with no no-
ticeable change in the CO surface coverage.

SUMMARY

During oxidation of CO on Pt/Al,O,, ad-
sorbed CO is shown to exist in islands on
the Pt surfaces. Similar large domains of
CO are not found during nonreactive de-
sorption from the same catalyst. Simulta-
neous monitoring of the rate of reaction and
CO surface coverage show that the rate and
coverage are coupled. Thus both exhibit
pronounced hysteresis loops which are in-
versely related. The changes in size and
shape of the hysteresis loops with tempera-
ture are qualitatively understood in terms
of the limiting desorption rate of adsorbed
CO. However, the reaction probability is
not linearly related to the surface coverage
of linear or bridge-bonded CO. This would
indicate the presence of a yet to be deter-
mined surface species or the presence of a
very small number of highly reactive Pt
sites.
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