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The mechanism of CO oxidation on polycrystalline Pt at atmospheric pressure has been investi- 
gated by combining kinetic and simultaneous potentiometric studies in a gradientless reactor con- 
taining one or two polycrystalline Pt films supported on stabilized zirconia. The initial oxidation 
state of the catalyst was found to have an important effect both on the steady-state behavior and on 
the waveform of rate and emf oscillations. A simple kinetic model where both oxygen adsorption 
and surface reaction are rate limiting is found to describe semiquantitatively the steady-state 
kinetic and potentiometric results both on preoxidized and on prereduced surfaces. The oscillatory 
behavior of the system was studied in detail by simultaneous mass spectroscopic monitoring of the 
concentrations of 0, and CO,. The kinetic and potentiometric results suggest strongly that the 
oscillations are caused by periodic formation and consumption of surface PtOZ. The formation of 
PtOr is verified by a series of surface CO-O2 titration experiments. The experiments with two 
polycrystalline films show that oscillation synchronization occurs via the gas phase as the two films 
exposed to the same gaseous environment exhibit synchronous oscillations in the surface oxygen 
activity. 0 1988 Academic Press, Inc. 

INTRODUCTION 

The oxidation of carbon monoxide on 
platinum is one of the most thoroughly 
studied catalytic reactions. Despite a very 
large number of experimental and theoreti- 
cal studies there still exists a number of un- 
resolved questions regarding the exact re- 
action mechanism and the origin of 
hysteresis, steady-state multiplicity, and 
limit cycle phenomena observed during the 
reaction under both atmospheric and low- 
pressure conditions. Work prior to 1977 
had been reviewed by Sheintuch and 
Schmitz (I) and Slin’ko and Slin’ko (2). 
Engel and Ertl have reviewed work on the 
surface science aspects of the CO/O,/Pt 
system (3) while some of the mathematical 
modeling work prior to 1985 has been re- 
viewed by Sheintuch (4). In a recent com- 
prehensive review Razon and Schmitz have 
critically evaluated experimental and mod- 
eling work prior to 1985 (5). 
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Before 1980 there were considered to be 
four major candidates as the cause for oscil- 
lations: (a) strong dependence of the activa- 
tion energy or heat of adsorption on surface 
coverage (1, 6, 7), (b) surface temperature 
oscillations (8), (c) shift between multiple 
steady states due to slow adsorption or de- 
sorption of an inert species (9), and (d) peri- 
odic oxidation and reduction of the surface 
(7, 10, II). Mathematical models attempt- 
ing to describe the oscillatory phenomena 
were usually based on one or more of the 
above assumptions. Agreement with exper- 
iment was qualitative at best. After 1980 the 
work of Sales, Turner, Maple, and co- 
workers (12-15) provided experimental and 
theoretical evidence that the origin of oscil- 
lations is most likely related to (d) and 
to some extent to (c). Their mathematical 
simulations gave good agreement with ex- 
periment (15). Similar conclusions were 
reached for the ethylene oxidation on Pt 
where it was shown that the bifurcation be- 
tween oscillatory and nonoscillatory states 
occurs near the dissociation pressure of 
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PtO, (16, 18) and that the oscillations could 
be modeled successfully with a model 
taking into account the existence of PtO., 
(17). 

In 1982 Ertl and co-workers (19) showed 
that the reaction can exhibit sustained os- 
cillations on a Pt(lOO) surface at low pres- 
sures (1O-4 Torr). They used LEED to 
show that during oscillations the surface 
undergoes periodic structural transforma- 
tions between the (1 X 1) phase and a re- 
constructed hexagonal structure (20). A 
mathematical model was developed which 
described well the experimental observa- 
tions (22). Subsequent work by two other 
groups seems to confirm the idea that the 
origin of oscillations is different at atmo- 
spheric pressure and at low pressures: 
Yeates et al. (22) used LEED, AES, and a 
Kelvin probe to study the reaction on single 
crystals at low pressures and also at atmo- 
spheric pressure. They confirmed the low- 
pressure findings of Ertl and co-workers 
(21) but found strong evidence that at atmo- 
spheric pressure the oscillations are caused 
by formation and destruction of surface 
platinum oxide. Similar conclusions were 
reached by Lindstrom and Tsotsis (23) who 
studied the reaction over both single-crys- 
tal Pt(lOO) and supported catalysts at inter- 
mediate (I- 10 Torr) pressures. 

The first detailed study of the thermody- 
namics and kinetics of formation of surface 
platinum oxide was carried out by Berry 
(24). The dissociation pressure of platinum 
oxide reported by Berry was found to cor- 
relate well with the solid electrolyte aided 
measurements of surface oxygen activity at 
the bifurcation point between oscillatory 
and nonoscillatory states during ethylene 
oxidation on platinum (16, 18). Riekert (35) 
has shown qualitatively how surface oxides 
can give rise to rate oscillations, and mathe- 
matical models which take into account the 
existence of surface platinum oxide have 
described well the limit cycle phenomena 
during ethylene (17) and CO (15) oxidation 
on Pt. Recent UHV work by Peuckert and 
Ibach (25) and Peuckert and Bonzel (26), 

who used XPS, AES, and EELS on clean 
Pt surfaces, has positively confirmed the 
existence of surface PtO,. Good agreement 
has been reported (26) between their UHV 
results and the dissociation pressure of 
Berry and Vayenas and co-workers. In a 
recent study Hafele and Lintz used solid 
electrolyte potentiometry (SEP) to show 
that platinum oxide formation is thermo- 
dynamically possible during CO oxidation 
on platinum (29, 30). They used ex situ XPS 
to show that PtOz formation takes place and 
hinders the rate of CO oxidation. Solid 
electrolyte ceils similar to those used in the 
present study have already been used by 
other workers to monitor emf oscillations 
during CO oxidation on Pt (27, 28). Origi- 
nally proposed by Wagner (32) the tech- 
nique of solid electrolyte potentiometry 
has been used in conjunction with kinetic 
measurements to study a number of cata- 
lytic oxidations on Pt and on Ag (16, 32, 
33). 

In the present paper we present detailed 
kinetic and in situ surface oxygen activity 
SEP results obtained in a gradientless reac- 
tor under atmospheric pressure conditions. 
Particular attention was paid to defining the 
initial oxidation state of the catalyst which 
was found to play an important role in the 
catalyst behavior. Similarly to the case of 
ethylene oxidation on Pt (16-18) it is found 
that the high-frequency bifurcation between 
oscillatory and nonoscillatory states occurs 
near the dissociation pressure of PtOz (18, 
24) which strongly supports the idea that 
PtO, formation and decomposition is re- 
sponsible for the oscillations. This is also 
supported by surface CO-O2 titration 
results which show two types of oxygen 
bonded to the surface. Finally the problem 
of catalyst crystallite communication and 
synchrony was addressed by a series of ex- 
periments where two catalyst films were 
used in the same reactor. The SEP mea- 
surements showed synchronous oscilla- 
tions on both films which demonstrates that 
communication takes place by fast mass 
transfer via the gas phase. 
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FIG. 1. Schematic diagram of the cell reactor. 

EXPERIMENTAL METHODS 

Catalyst and Apparatus 

The kinetic and potentiometric studies 
were carried out in the zirconia continuous 
flow reactor shown in Fig. 1. The reactor 
has been shown to be well mixed (CSTR) 
over the range of flow rates used in the 
present study by obtaining the reactor resi- 
dence time distribution with a nondisper- 
sive IR CO* analyzer (16). The volume of 
the reactor was 30 cm3. 

The porous Pt catalyst film was deposited 
on the flat bottom of a stabilized zirconia 
tube (8 mole% yttria-stabilized zirconia) by 
applying a thin coat of Engelhard Hanovia 
A 1121 platinum paste, followed by drying 
and calcining in air at 750°C for 2 h and 
subsequent treatment in a boiling 1 N 
HN03 solution for 2 h to remove surface 
impurities, primarily Bi which is frequently 
detected in Pt paste electrodes (29). The Pt 
film, approximately 5 pm thick, was exam- 
ined ex situ with XPS using an Al Ka 
source (1486.6 eV). The only detectable im- 
purities were C and 0 both before and after 
reaction (42). The superficial surface area 
of the film was 2 cm*. The true surface area, 
too low to be measured accurately by BET, 
was measured by a chemical titration tech- 
nique using an IR CO2 analyzer as de- 
scribed in detail below. The same titration 
technique has been used in studies of ethyl- 
ene oxidation on Pt (16) and Ag (32). 

In order to address the problem of oscil- 
lation synchronization a series of experi- 
ments was performed in which two porous 
Pt catalyst films were deposited on the in- 
side of the flat bottom of the stabilized zir- 
conia tube as shown in Fig. 2a. The supet-fi- 
cial surface area of each film was 
approximately 0.5 cm* and each was con- 
nected to a different Pt wire so that the 
electrical potentials of both catalyst-elec- 
trodes could be continuously and simulta- 
neously monitored. 

A similar porous Pt film was deposited on 
the outside bottom wall of the stabilized zir- 
conia tube. This Pt film was exposed to air 
and served as the reference electrode. In 
some experiments where the exchange cur- 
rent density io was measured by passing 
current through the cell a second electrode 
was deposited on the outside bottom wall of 
the zirconia tube and served as a counter 
electrode. In this case the reference elec- 
trode was very small and was located 5 mm 
from the counter electrode (Fig. 2b). 

The open end of the stabilized zirconia 
tube was clamped to an appropriately ma- 
chined stainless-steel reactor cap. The cap 
had provisions for introduction of reactants 
and removal of products through Pyrex 
tubes and also for introduction of one or 
two Pt wires partly enclosed in Pyrex or CY- 
Al203 tubes to establish electrical contact 

electrode 
K owlter 
eleclmde electmde 

10) lb) 

FIG. 2. Electrode configuration for the measurement 
of the open-circuit emfs with two catalyst-electrodes 
(a) and for emf measurement and 02- pumping with 
one catalyst-electrode (b). 
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FIG. 3. Schematic diagram of the apparatus. 

with the internal Pt film catalyst elec- 
trode(s). 

The open-circuit emf of the oxygen con- 
centration cell was measured with a solid- 
state differential volt meter (J. Fluke Model 
891 A) which had an input impedance of lo8 
R and infinite resistance at null. The cata- 
lyst temperature was controlled within 2°C 
and also measured with a second thermo- 
couple attached to the wall of the stabilized 
zirconia tube at a distance of 1 mm from the 
outside electrode. 

The reactants were Linde standard CO 
diluted in N2 and Linde standard synthetic 
air. They could be further diluted with ul- 
trapure (99.999%) NZ. It was found neces- 
sary to preheat the reactants at 350°C in a 
spiral Pyrex tube placed before the reactor 
in order to completely decompose Fe car- 
bony1 formed in the CO cylinder over long 
periods of time. 

As shown in Fig. 3 reactants and prod- 
ucts were analyzed by three independent 
techniques. 

(a) On-line gas chromatography for CO, 
COZ, 02, and N2 using a Perkin-Elmer 
sigma-2 gas chromatograph with a TC de- 
tector. A Porapak Q column was used to 
separate air and CO2 and a molecular sieve 
5A column was used to separate N2, 02, 
and CO. 

(b) On-line mass spectroscopy using a 
Balzers QMG311 quadrapole mass spec- 
trometer with a QDPlOl data processor 

which made it possible to monitor simulta- 
neously the reactor exit concentrations of 
COZ and OZ. This turned out to be essential 
for the study of the oscillations. 

(c) On-line IR spectroscopy using a 
Beckman Model 864 nondispersive CO* an- 
alyzer with a response time of 0.5 s which 
gave a higher sensitivity to the effluent CO2 
signal than the mass spectrometer due to 
the unavoidable vacuum system back- 
ground noise at AMU 44. 

Surface Titrations 

In order to determine the surface area of 
the porous Pt catalyst films the following 
chemical titration scheme was used (16,32, 
33). Oxygen was allowed to chemisorb on 
the catalyst at some temperature T by pass- 
ing through the reactor synthetic air for a 
time to2. The reactor was subsequently 
purged with high-purity Nz for a time tN2 at 
least eight times longer than the residence 
time of the CSTR (-6 s). Then the reactor 
was purged with CO and the total amount 
of CO* formed was determined by the IR 
CO2 analyzer. By varying tN2 one can study 
the kinetics of oxygen desorption from Pt, 
which are much slower than the CO-oxy- 
gen reaction kinetics. By extrapolating to 
fN2 = 0 one can determine the maximum 
number & of oxygen g atoms adsorbed on 
the catalyst (Fig. 4). 

The same procedure can be used by pre- 
adsorbing CO for a time tco, purging with 
N2 for a time tN2, and then purging with O2 
and measuring the total amount of CO* 
formed. By extrapolating again to tN2 = 0 
one can determine the maximum number 
n$o of CO moles adsorbed on the catalyst 
(Fig. 4); n& was thus estimated to be 3.6 x 

10m7 and 2.4 x 10m7 moles, respectively, for 
reactors 1 and 2. 

In the course of the experiments it was 
found that the time of catalyst exposure to 
02, to?, has an increasing effect on &. This 
increase is more pronounced at tempera- 
tures above roughly 360°C. Furthermore it 
was found that for large to,, i.e., several 
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FIG. 4. Typical results of surface titrations during 
CO and oxygen desorption after catalyst exposures of 
tco = 240 s and to2 = 100 s, respectively; reactor 2. 

hours, n$ could exceed &o by more than a 
factor of 10 (Fig. 4), which strongly sug- 
gests the possibility of multilayer oxidation 
of the Pt surface. This is corroborated by 
the appearance of two distinct peaks on the 
output of the IR COZ analyzer upon CO 
reaction with a preoxidized Pt surface as 
shown under Results and Discussion. It 
was therefore concluded that only &o pro- 
vides anunambiguous measure of the sur- 
face area of the catalyst. 

Potentiometric Measurements 

The measurement of the open-circuit emf 
E of solid electrolyte cells in which one 
electrode is also used as a catalyst can give 
useful in situ information about the activity 
of oxygen adsorbed on the catalyst-elec- 
trode. This simple technique of solid elec- 
trolyte potentiometry (SEP) was originally 
proposed by Wagner (31) and has been used 
in conjunction with kinetic measurements 
in numerous studies of catalytic oxidations 
on metals (16, 17, 27, 28, 30, 32, 33). Prog- 
ress regarding the use of solid electrolyte 
cells to study and to influence catalytic phe- 

nomena on metal surfaces has been re- 
viewed recently (45). 

The open-circuit emf E of the solid elec- 
trolyte cell utilized here is 

E = [1/4Fl[ E*oz(wcatalyst - ~omwxencel~ 

(1) 

where F is the Faraday constant and po2(Pt) 
is the chemical potential of oxygen ad- 
sorbed on the Pt electrodes. This is derived 
on the assumption that the stabilized zirco- 
nia solid electrolyte is a purely anionic 
(02-) conductor and that the dominant ex- 
change current reaction involves 02- and 
adsorbed oxygen. In the CO oxidation sys- 
tem studied here the possibility of other ex- 
change current reactions (e.g., CO + 02- 
zz CO2 + 2e-) that would create mixed po- 
tentials cannot be excluded under fuel-rich 
conditions where most of the catalyst elec- 
trode surface is covered with CO (28, 36). 
Consequently under fuel-rich conditions it 
is possible that the emf E provides only a 
qualitative measure of the surface oxygen 
activity (36, 38). Equation (1) includes as a 
limiting case the usual Nernst equation 

E = (RTj4F) Wb,h,>, (2) 

which is valid only when no chemical reac- 
tion involving the gas phase takes place at 
the electrode surface (16). In the general 
case it is the activity of absorbed species 
rather than the gas phase activities which 
determines the open-circuit emf (16, 31- 
33). The chemical potential of oxygen at the 
reference electrode which is in contact with 
air (po, = 0.21 bar) is given by 

po2(Pt)reference = I-&,(~) + RT ln@.2U, (3) 

where &2(p) is the standard chemical poten- 
tial of oxygen at the temperature of inter- 
est. Since at temperatures of catalytic inter- 
est oxygen is well known to chemisorb 
dissociatively on Pt, one can define the ac- 
tivity of oxygen atoms on the catalyst a0 by 
a similar equation, 

0 
~oz(Pt)catalyst = pa,(g) + RT In a&. (4) 
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Consequently a6 expresses the partial pres- 
sure of gaseous oxygen that would be in 
thermodynamic equilibrium with oxygen 
atoms adsorbed on the platinum surface, if 
such an equilibrium were established. 

Combining (l), (3), and (4), ao (bar1j2) is 
given by 

a0 = (U.21)1’2 exp(2FEIRT). (5) 

If equilibrium is established during reaction 
between gaseous oxygen in the reactor and 
surface oxygen, then ah = poz. As previ- 
ously noted Eqs. (I) and (5) may not be 
exactly valid under fuel-rich conditions 
where the coverage of adsorbed CO is high 
and the open-circuit emf E takes values be- 
low -300 mV (28, 36). Consequently in the 
fuel-rich region the emf measurement E and 
the corresponding a0 values obtained by us- 
ing Eq. (5) provide only a qualitative mea- 
sure of the oxidation state of the catalyst. 

RESULTS AND DISCUSSION 

Kinetic Measurements 
and Rate Oscillations 

The steady-state kinetics and oscillatory 
behavior were studied at temperatures be- 
tween 200 and 45O”C, CO partial pressures 
up to 0.025 bar, and oxygen partial pres- 
sures up to 0.2 bar. The zirconia tube itself, 
before deposition of the Pt electrode, was 
totally inactive for CO oxidation even at 
450°C. 

The inlet stream impinged on the catalyst 
film through a narrow orifice at the end of 
the Pyrex feed tube with velocities of order 
l-2 m/s to avoid external diffusional limita- 
tions. Diffusional limitations inside the po- 
rous Pt film were also negligible because of 
the very small film thickness (L = 5 pm). 
Assuming a catalyst porosity of 0.5 and tor- 
tuosity of 2, one can estimate the catalyst 
Thiele modulus + = L(HDe)“* to be less 
than 0.2 under all conditions studied. 

During the kinetic measurements particu- 
lar emphasis was given to defining the ini- 
tial oxidation state of the catalyst, since this 
was found to have a pronounced and reDro- 

1 
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FIG. 5. Effect of pco on reaction rate at quasi-con- 
stant exit po2: (a) po2 = 5.26 x lo-* bar, total molar 
flow rate F = 2.72 X 10e4 mole/s; (b) po2 = 5.43 x 1O-2 
bar, F = 2.72 X 10m4 mole/s; (c)poz = 5.28 x lo-* bar, 
F = 2.72 X 10m4 mole/s; (d) (+)poz = 1.37 x 10e2 bar, 
F = 2.60 X 10e4 mole/s, (U) poz = 4.62 x 10e2 bar, F = 
3.38 X 1O-4 mole/s; (e)poz = 4.59 x 10s2 bar, F = 3.38 
x 10m4 mole/s; reactor 1. Solid curves from model. 

ducible effect on the kinetic behavior. This 
is something which has been neglected in 
many kinetic studies in the past and can 
cause confusion about the kinetics and an 
apparent irreproducibility in the steady- 
state and oscillatory catalyst behavior. Ki- 
netic measurements were obtained after 
leaving the catalyst overnight at the tem- 
perature of interest either in air or in CO. 
We will refer to the two cases as a preox- 
idized and a prereduced catalyst, 

Figure 5 shows typical kinetic results ob- 
tained at constant exit poz. The solid curves 
were obtained from the kinetic model dis- 
cussed below. The filled and men svmhnls 
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FIG. 6. Effect of inlet pco at constant inlet poz = 5.43 x 10m2 bar on the rate and emf oscillations 
corresponding to Fig. 5b. (a) Type A oscillations, obtained on a preoxidized surface. (b) Type B 
oscillations, obtained on a prereduced surface. T = 337”C, F = 2.72 x 10m4 mole/s; reactor I. 

stand for data obtained on a prereduced and 
a preoxidized catalyst, respectively. It 
should be noted that the distinction be- 
tween the steady-state kinetic behaviors of 
a preoxidized and a prereduced surface dis- 
appears at temperatures roughly above 
400°C (Figs. 5d and Se). At these high tem- 
peratures the catalyst surface has a short 
memory, as it responds quickly to changes 
in the composition of the reactant gas mix- 
ture. However, at lower temperatures 
(<4OO”C) there is a strong memory effect. 
The oscillatory states shown in Figs. 5a, 5b, 
and 5c were found to be stable for periods 
of several days. As shown below, these os- 
cillatory states are of two types, for identi- 
cal gaseous compositions, depending on the 
initial oxidation state of the catalyst. The 
oscillatory states of Fig. 5b are shown in 
Fig. 6, which also shows the corresponding 
emf oscillations. It should be noted that in 
all oscillations increasing rate always corre- 

sponds to increasing surface oxygen activ- 
ity, i.e., increasing emf, which is exactly 
the opposite of the behavior observed dur- 
ing ethylene oxidation on Pt (16, 17). The 
slope of the oscillation arrows in Fig. 5 is 
uniquely determined by the residence time 
in the CSTR. Thus all the arrows fall on con- 
stant operation lines of the CSTR. 

Figure 6 and the corresponding arrows in 
Fig. 5b show that oscillations occurring on 
a preoxidized surface are of the relaxation 
type with rate spikes “up” (Fig. 6a), con- 
trary to oscillations occurring under almost 
identical gas phase conditions on a prere- 
duced surface, where rate spikes “down” 
(Fig. 6b) are observed. We will refer to the 
former case as type A oscillations and to 
the latter case as type B oscillations. It is 
worth noting from Fig. 5 that the baseline of 
oscillations on a prereduced surface is sub- 
stantially higher than the baseline of oscilla- 
tions on a preoxidized surface and that 
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FIG. 7. Effect ofpo, on reaction rate at constant exit pco: (0) T = 37O”C, pco = 8.7 x 10m3 bar, F = 
3.38 X 1O-4 mole/s; (0) T = 37O”C, pco = 1.2 X lo-’ bar, F = 3.38 X 10m4 mole/s; (0) T = 337”C, pco = 
2.8 x 10-j bar, F = 2.88 x 10m4 mole/s; (0) T = 337”C, pco = 7.3 x 10m4 bar, F = 2.88 X 10m4 mole/s; 
(V) T= 284"C,p,, = 3.4 x 10-j bar, F = 2.88 x 10m4 mole/s: (V) T = 284°C. pco = I .7 x IO-’ bar, F = 
2.88 x 10e4 mole/s; reactor I. Solid curves from model. 

these baselines are usually reached but 
never traversed by spikes originating from 
the other baseline. This shows that the rate 
always oscillates between the limits corre- 
sponding to the rates on a preoxidized and 
prereduced surface. The same limits apply 
to the aperiodic and probably chaotic states 
shown in Fig. 6a for high inlet pco which are 
similar to those observed and analyzed by 
other works (37). As shown in Fig. 6 in- 
creasing pco at constant po, has an increas- 
ing effect on the frequency of type A oscil- 
lations and a decreasing effect on the 
frequency of type B oscillation. 

The dotted lines in Figs. 5a, 5b, and 5d 
correspond to oscillations of the type de- 
scribed by Sales and co-workers (14, 15). 
The corresponding waveform is shown in 
Fig. 5b. It should be noted that these (type 
“A,“) oscillations usually appear when 
the CSTR operating line can intersect the 
kinetic curve in more than one point, i.e., in 
the region of classical steady-state multi- 
plicity in a CSTR. 

Figure 7 shows the effect of po, at con- 
stant pco on the rate of the reaction. The 
curves shown on the figure are again ob- 

tained from the model discussed below. As 
shown in Figs. 8a and 8b increasing poz in- 
creases the frequency of type A oscillations 
until a maximum is reached after which the 
frequency decreases. Increasing po, always 
increases the frequency of type B oscilla- 
tions. 

As shown in Fig. 5, oscillations disappear 
above 400°C over the range of gaseous 
compositions studied. The upper and lower 
temperature limits for oscillations were 
found to increase with increasing p&po, 
values (42) in agreement with previous 
studies (22-15). 

Patentiometric Results 

The correct performance of the solid 
electrolyte cell was verified by introducing 
into the reactor various air-N2 mixtures of 
known oxygen partial pressure and measur- 
ing open-circuit emfs in agreement with the 
Nernst equation 

E = (RTI4F) ln(po,/0.21) (6) 

within ?2 mV. Below 260°C very long 
times were necessary for the establishment 
of steady-state emf measurements and no 
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FIG. 8. Effect of inlet poZ on the rate and emf oscillations at constant inlet pco = 3.85 x 10m3 bar. (a) 
Type A oscillations, obtained on a preoxidized surface. (b) Type B oscillations, obtained on a prere- 
duced surface. T = 337”C, F = 2.88 X 10e4 mole/s; reactor 1. 

data were taken in this region. Catalyst ex- 
posure to air-CO mixtures results in open- 
circuit emfs of -50 to -950 mV, indicating 
that the surface oxygen activity ao given by 
Eq. (5) is quite low and a*< po2. Therefore 
under reaction conditions adsorbed oxygen 
is not in thermodynamic equilibrium with 
gaseous oxygen. It was observed that a0 
decreases with increasing pco and increases 
with increasing po2 and that there is a sharp 
discontinuity in the value of a0 at the point 
where oscillations occur, indicating that ao 
in the fuel-lean region is substantially 
higher than that in the fuel-rich region. It 
was found that, as shown by the straight 
lines in Fig. 9, the steady-state ao values in 
both the fuel-lean and the fuel-rich regions 
can be correlated rather well by 

a0 = KIPOJPCO 

in the fuel-lean region and by 

(7a) 

a0 = KPOJPCO (7b) 

in the fuel-rich region. The parameters KI 
and K, increase with temperature and can 
be approximated by 

K, = 6.9 x IO3 exp(-25800lRT) and K, 
= 1.2 x 10e4 exp(-29000/RT) (8) 

with R = 1.987 Cal/mole . K. Equations (7) 
and (8) were found to provide a satisfactory 
fit to the steady-state emf data under both 
fuel-lean and fuel-rich conditions over a 
wide range of gaseous compositions, i.e., 
pco/poz values in the CSTR varying be- 
tween 10 and lo-*. In the intermediate gas- 
eous composition region, where oscilla- 
tions take place, catalyst pretreatment 
affects the emf behavior as already dis- 
cussed and as shown in Fig. 9. The open 
symbols in Fig. 9 correspond to a preox- 
idized catalyst and to the corresponding 
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FIG. 9. Effect of gaseous composition and catalyst 
pretreatment on ao at steady state and during oscilla- 
tions. Open and filled symbols indicate preoxidized 
and prereduced surface, respectively. Arrows pointing 
up and down indicate types A and B oscillations, re- 
spectively. 

type A oscillations, while the filled symbols 
designate a prereduced surface and the cor- 
responding type B oscillations. 

Figure 10 shows the dependence of oscil- 

lation frequency and amplitude on ao. It 
can be seen that the high-frequency bifurca- 
tion between oscillatory and nonoscillatory 
states is near the dissociation pressure of 
surface PtO,. Exactly the same behavior 
has been observed during ethylene oxida- 
tion on Pt (26-18). This observation which 
is valid both for type A and type B oscilla- 
tions (Fig. 10) strongly suggests that sur- 
face platinum oxide plays an important role 
in the oscillatory behavior of ethylene, CO, 
and possibly other catalytic oxidations on 
Pt as well. It should be noted that the high- 
frequency bifurcation between oscillatory 
and nonoscillatory states near the dissocia- 
tion pressure of surface PtOz occurs well 
inside the fuel-lean region where the corre- 
spondence between the emf E and the sur- 
face oxygen activity ao given by Eq. (5) is 
unambiguously valid. 

Surface Titrations and PtOz 

The dual nature of oxygen on the Pt cata- 
lyst is manifested in Figs. 11 and 12 which 
show two distinct CO2 peaks upon CO reac- 
tion with the catalyst previously exposed to 
02 for varying co*. The first peak clearly 
corresponds to the most reactive form of 
oxygen, i.e., dissociatively chemisorbed 
oxygen. The second peak must correspond 
to surface and subsurface platinum oxide 
PtO,. The existence of such an oxide, 

FIG. 10. Effect of ao on the frequency and amplitude of type A (open symbol) and type B (filled 
symbols) oscillations. Points correspond to those shown in Figs. 5b, 6 (O), and 8 (A). Conditions as in 
these figures. 
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FIG. 11. Effect of catalyst exposure to oxygen fo2 on 
the total amount and form of surface oxygen found on 
the catalyst after flushing with N2 (TNJ for 105 s. The 
two forms of oxygen are shown as obtained in the 
signal of the IR CO2 analyzer upon flushing with CO. T 
= 388°C: reactor 3. 

which had been invoked to explain rate os- 
cillations during ethylene (16-18) and CO 
(12-25, 30) oxidation on Pt, has been veri- 
fied in a number of studies (24-26) using a 
variety of techniques which include high- 
precision resistance measurements (24), 
gravimetric techniques (14), TPD (34), and 
more recently XPS and Auger studies on 
clean Pt surfaces (25, 26). Its dissociation 
pressure has been reasonably well estab- 
lished (16, 18, 24, 25) and the kinetics of its 
formation and decomposition have been 
studied by Berry (24) and more recently by 
Sales et al. (14) using gravimetric tech- 
niques. It is likely that these kinetics can be 
influenced by Ca and Si impurities (5, 22). 
A difference between the results of (14) and 
the ones presented here is in the amount of 
PtO, that can form on a Pt surface. While in 
(14) no experimental evidence is presented 
for multilayer oxidation, it is clear from 

Figs. 4, 11, and 12 that the amount of PtOz 
formed can be considerably higher than the 
amount corresponding to monolayer cover- 
age. Similar conclusions have been reached 
by Berry (24). As shown in Figs. 11 and 12 
chemisorbed oxygen adsorbs and desorbs 
faster than Pt02. It is likely that most of the 
chemisorbed oxygen found at long titration 
times tN2 (Fig. 12) comes from Pt02 decom- 
position which must, as a first step, create 
dissociatively chemisorbed oxygen. This 
explains well the observed break in the 
chemisorbed oxygen desorption curve and 
the fact that after the break this curve paral- 
lels the PtO, desorption curve (Fig. 12). 

From the slope of the PtOz desorption 
curve (Fig. 12) a kinetic constant of 6 X 

10m3 s-i is computed at 388°C. It is interest- 
ing to compare this value with the values 
reported by Turner and Maple (46) and 
Yeates et al. (22) for PtOz reduction by CO. 
The interpolated values from these refer- 

I I I I 

16 
f 

1 1.5 2 2.5 3. L. 6. t+min 

FIG. 12. Effect of desorption time tN2 on the total 
amount of oxygen no found on the surface (triangles) 
(A, to2 = 300 s, T = 357°C; A, to2 = 900 s, T = 357°C) 
and on the form of surface oxygen to2 = 900 s, T = 
388°C (0, first peak, i.e., chemisorbed oxygen; 0, sec- 
ond peak, i.e., PtO,); reactor 3. 
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FIG. 13. Typical COz and emf transients during surface titration experiments. Reactor 2. See tex? for 
discussion. 

ences for T = 388°C are 8 X 10m3 and 5.8 X 
10e3 s-i, respectively, in very good agree- 
ment with our measured value for Pt02 de- 
sorption. The above authors report a very 
small, i.e., 1 kcabmole, activation energy 
for PtO, reduction by CO. Despite this very 
good agreement it should be noted that the 
present results indicate that PtO, reduction 
by CO is faster than PtOz decomposition in 
a NZ atmosphere. One can estimate the time 
constant of the reduction of PtO, by CO 
from the inverse of the time t* elapsed be- 
tween catalyst exposure to CO and appear- 
ance of the CO2 maximum in the peak cor- 
responding to PtO,. No systematic study 
was performed on the effect of various pa- 
rameters on t*, but t* values obtained in 
this study were of order 40 to 20 s at tem- 
peratures between 300 and 480°C (e.g., case 
b in Fig. 13 where t* = 26 s). Conse- 
quently the rate constant for PtO, reduction 
by CO is of order 2.5 x 10m2 to 5 x 10m2 s in 
the above temperature range. This is a fac- 
tor 4 to 8 higher than the values reported in 
Refs. (22, 46) and from those measured in 
the present work for PtOz decomposition in 
an inert atmosphere. 

It is interesting to note the emf behavior 

upon catalyst exposure to CO when both 
chemisorbed oxygen and Pt02 preexist on 
the catalyst surface. In this case, as shown 
in Fig. 13 (cases b and c), the emf exhibits 
an intermediate maximum during the tran- 
sient which reflects a transient increase in 
the amount of chemisorbed oxygen. This 
chemisorbed oxygen must come from the 
dissociation of Pt02. It is worth noting that 
such an intermediate transient emf maxi- 
mum is not observed under conditions 
where Pt02 does not preexist on the surface 
(Fig. 13 case a, where because of the low 
temperature, i.e., 285°C practically no ox- 
ide has formed within the short 02 exposure 
times, i.e., 4 min). The observation that 
Pt02 decomposition is accompanied by an 
increase in emf, thus a transient increase in 
the amount of chemisorbed oxygen, is con- 
sistent with the similar emf behavior during 
the observed relaxation-type oscillations of 
the type A which appear on a preoxidized 
surface and apparently must correspond to 
PtO2 decomposition. It should be noted that 
each of the three cases shown in Fig. 13 
would correspond to a single point on Figs. 
11 and 12. 

As shown in Fig. 13 (case c) peak separa- 
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FIG. 14. Synchronization of rate and emf oscillations 
on two Pt catalyst films. Conditions: pco = 4.9 x lo--’ 
bar, po2 = 4.2 x 1O-2 bar, F = 3.45 x 10m4 mole/s, T - 
283°C. 

tion is not good at high temperatures. This 
must be due to the faster kinetics of PtO, 
decomposition and reaction with CO at 
high temperatures. In general peak separa- 
tion was satisfactory between 300 and 
450°C (e.g., Figs. 11 and 12). At low tern- 
peratures (e.g., Fig. 4 and case a in Fig. 13) 
the kinetics of PtO, formation are slow and 
very little PtOz formation takes place within 
short catalyst exposure times to oxygen fol 
(1.7 and 4 min, respectively). 

Communicaticm and Synchronization of 
Crysfaliites during Oscillations 

Figure 14 shows typical rate and emf 
results obtained during the course of the 
experiments with two Pt catalyst films 
present in the gradientless reactor. It can be 
seen that the surface oxygen activity on 
both films exhibits synchronous oscilla- 
tions. The emf oscillations are also syn- 
chronous with the rate oscillations. The ob- 
served rate is, of course, the sum of the 
rates on both catalysts. The two catalyst- 
electrodes always behaved in an identical 
manner, both at steady state, at well-de- 
fined periodic relaxation-type oscillations 
and at apparently aperiodic oscillations of 

the type shown in Fig. 14. The two cata- 
lyst-electrodes were separated by a dis- 
tance of roughly 1 = 8 mm and since stabi- 
lized zirconia is a good thermal insulator, 
the only means of communication of the 
two catalyst films is through the gas phase. 
Actually one can calculate that the charac- 
teristic time for heat conduction through 
the zirconia t = i2pCP/K, where p, C,, and 
K are the density, specific heat, and ther- 
mal conductivity of stabilized zirconia, is of 
order 1 min which is an order of magnitude 
longer than typical experimentally ob- 
served rate relaxation time constants dur- 
ing oscillations. It therefore appears that 
fast mass transfer between adsorbed and 
gaseous species is the means of communi- 
cation between different areas of a catalyst 
film during oscillations. There are two other 
conclusions which can be drawn from these 
experiments. One is that the reactor itself is 
indeed gradientless. The other is that 
changes in the gaseous composition during 
oscillations have a serious and immediate 
impact on surface concentrations and 
therefore inclusion of gas phase mass bal- 
ances may be crucial in quantitatively de- 
scribing oscillatpry phenomena (I, 5, 17). 
Otherwise one cannot explain why the os- 
cillations on the two films not only have the 
same waveform but also are synchronous; 
i.e., there is no detectable phase lag be- 
tween the two signals. 

Quandtatiue Steady-State Kinetics 

The observed steady-state kinetic behav- 
ior is in qualitative agreement with many 
previous studies regarding the effect of pco 
and po2 on the reaction rate Y (I-5). It was 
first attempted to describe the steady-state 
results, including the data which corre- 
spond to the baselines of type A and type B 
oscillations, by the cIassical Langmuir- 
Hinshelwood rate expression, assuming the 
surface reaction between chemisorbed CO 
and 0 to be rate controlling. It was found 
that no satisfactory fit to the data could be 
obtained either for the prereduced or for 
the preoxidized surface. This is not surpris- 
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ing in view of the fact that, as the emf data 
show, a; < po2; thus adsorbed oxygen is 
not in equilibrium with gaseous oxygen. It 
was then found that both the steady-state 
kinetic results as well as the steady-state 
potentiometric results could be described 
very well by a steady-state model which is 
very similar to that of Sales et al. (15); i.e., 

02(g) + 2Pt 4 20 - Pt (9) 

CO(g) + Pt * co - Pt (10) 

CO-pt+o-Pt%o,+2Pt (11) 

where step (10) is in equilibrium. Assuming 
Langmuir-type adsorption on the oxide- 
free sites 1 - 13,~ and neglecting the back- 
ward reaction terms of (9) and (11) one ob- 
tains 

= kLH&OeO( 1 - f&d2 (12) 

Kcopco = 0~04, (13) 

where Kc0 is the adsorption equilibrium 
constant of CO. After algebraic rearrange- 
ment and taking into account that Koao = 
f3o/8, where Kh is the dissociative adsorp- 
tion equilibrium constant of O2 and that 

eco + I!30 + 0” = 1 (14) 

one obtains 

a0 = hdhKcoKo)Po~Pco (15) 

Y = (1 - eo,)2ktHk,dK~oP~oPozl(kadPo, 

+ kdcopco + kHK$op$o)2. (16) 

Equation (15) is in good agreement with 
the experimentally observed dependence of 
ao on gaseous composition, i.e., Eq. (7). 

Equation (16) is also in good agreement 
with the kinetic results as shown in Figs. 5 
and 7. To fit the kinetic data it was assumed 
that the coverage of PtO, is negligible on a 
prereduced surface, i.e., 13,~ = 0, and the 
resulting optimal values of the kad, kLH, and 
Kc0 were determined at each temperature 
separately. The experimentally determined 
temperature dependence of these parame- 

TABLE 1 

Temperature Dependence of kad, kLH, Go, K&o, and 
OOX Values Used in the Kinetic Expression 

kti = 2.2 x 10m4 exp(12OO/RT) mole/bar. s 
~LH = 1.6 exp(-14300/RT) mole/s 
KCO = 7.4 X 10-j exp(14100/RT) bar-l 
K&o = 8.6 x 1O-d exp(158OO/RT) bar-’ 
n& = 3.6 x lo-’ mole 
R = 1.987 cd/mole K 

557 0.30 
610 0.48 
643 0.60 

ters is shown in Table 1. The extracted acti- 
vation energies are - 1 kcal/mole for O2 ad- 
sorption and 14 kcal/mole for the surface 
reaction. These values are in reasonable 
agreement with the literature (8, 12, 22). 
The temperature dependence of Kc0 sug- 
gests values of 14 kcal/mole and -10 Cal/ 
mole * K for the heat and entropy of adsorp- 
tion of CO, respectively. Both values are 
lower than those obtained from CO desorp- 
tion experiments (8) but in good agreement 
with values extracted from kinetic CO oxi- 
dation data in the presence of chemisorbed 
oxygen (39). 

In order to fit the kinetic data on a preox- 
idized surface by Eq. (16) it is necessary to 
specify O,, . It was found that the kinetic 
data on a preoxidized surface could be de- 
scribed well by the same values of kad and 
kLH extracted from the data on prereduced 
surfaces and with the doX values shown in 
Table 1. However, it was found necessary 
to determine new values for the adsorption 
coefficient of CO and these values are de- 
noted by K& in Table 1. From the tempera- 
ture dependence of K& one estimates 16 
kcal/mole and - 14 Cal/mole . K for the heat 
and the entropy, respectively, of CO che- 
misorption. 

once the parameters kad, kLH, Kco, and 
K& have been kinetically determined, it is 
possible to examine the consistency of the 
proposed model by combining Eqs. (15) and 
(7) which describe the model predicted and 
experimentally determined dependence of 
ao on temperature and gaseous composi- 
tion. It follows from Eqs. (7) and (15) that 
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FIG. 15. Temperature dependence of Kf, on a preox- 
idized (I) and on a prereduced (II) surface and compar- 
ison with that obtained from io measurements (Ref. 
(41)). 

on the fuel-lean side the adsorption coeffi- 
cient K& for dissociative oxygen adsorption 
should equal (/~,~/K&~nKco)~ on a prere- 
duced surface and (kti/K&LnKco)2 on a pre- 
oxidized surface. Substituting from Table 1 
one obtains K& = 7.6 x 10-i* exp(54200/ 
RT) and K$ = 5.6 x lo-lo exp(50900/RT) 
for a prereduced and a preoxidized surface, 
respectively. This suggest values of 50 to 55 
kcal/mole and -40 to -50 Cal/mole * K re- 
spectively for the heat and entropy of disso- 
ciative adsorption of oxygen. The -AH val- 
ues are in good qualitative agreement with 
the literature (1-5, 34, 40) and the AS val- 
ues also appear reasonable. The same com- 
parison on the fuel-rich side gives similar 
reasonable values for AH but unreasonable 
(positive) values for AS. This indicates 
strongly that Eq. (5) does not hold exactly 
on the fuel-rich side. 

The expressions extracted for the disso- 
ciative oxygen chemisorption coefficient on 
the fuel-lean side K& are in very good 
agreement with the direct measurements of 

Manton (42) as shown in Fig. 15. Manton 
used a three-electrode system of the type 
shown in Fig. 3b to measure the catalyst- 
electrode exchange current density io and 
its dependence on po, and T, according to 
the elegant approach first used by Wang 
and Nowick (43). Since the io maxima with 
respect to pol at constant T correspond to 
B. = 4 (41, 43) one can directly determine 
K& and measure its temperature depen- 
dence. The excellent agreement between 
K& measured by Manton (41) and that ex- 
tracted from the present kinetic and poten- 
tiometric results strongly supports the basic 
validity of the proposed model. 

It should be emphasized that the model 
presented here assumes the coverage of 
PtOZ constant in time and therefore de- 
scribes the steady-state kinetics only. In 
order to model the oscillations one must 
include the kinetics of formation and de- 
composition of PtO, and also include gas 
phase mass balances. Such a model will be 
presented in a forthcoming paper (44). 

SUMMARY OF OBSERVATIONS AND 
DISCUSSION 

The main new findings of the present in- 
vestigation can be summarized as follows. 

(I) Catalyst pretreatment has an impor- 
tant effect on both the steady-state and the 
oscillatory behavior of CO oxidation on Pt. 
At temperatures below 360°C the rate on a 
preoxidized surface is substantially lower 
than the rate on a prereduced surface. The 
steady-state kinetic behavior on a prere- 
duced surface can be modeled quantita- 
tively within the framework of Langmuir- 
Hinshelwood kinetics by considering that 
both the surface reaction between chemi- 
sorbed CO and atomic oxygen and the oxy- 
gen chemisorption step are rate limiting. 
Oxygen chemisorption is not in equilibrium 
during reaction as shown conclusively by 
the SEP measurements. The same kinetic 
model can successfully describe the kinet- 
ics on a preoxidized surface by assuming 
that a fraction of the catalyst surface is 
blocked by PtO,. The model can also ex- 
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plain successfully the steady-state SEP 
measurements. 

(II) Rate and emf oscillations are mostly 
of two types: Those produced on a preox- 
idized surface (type A) with rate and oxy- 
gen activity spikes “up” and those pro- 
duced on a prereduced surface (type B) 
with rate and oxygen activity spikes 
“down.” The baseline of type A and type B 
oscillations correspond to the steady-state 
rates on a preoxidized and on a prereduced 
surface, respectively. During oscillations 
these baselines are usually reached but 
never traversed by spikes originating from 
the other baseline. The same limits apply 
to AB-type oscillations and to aperiodic 
states. The frequency of type A oscillations 
increases with increasing pco and for low 
po, also increases with poz. On the contrary, 
the frequency of type B oscillations de- 
creases with increasing pco but increases 
with increasing po2. Increasing temperature 
has an increasing effect on the frequency 
both of type A and type B oscillations. Rate 
and emf oscillations were observed at tem- 
peratures between 240 and 400°C. The up- 
per and lower temperature oscillation limits 
were found to increase with increasing pcol 
poq in agreement with previous studies (15, 
22). 

During oscillations an increase in the rate 
is always accompanied by an increase in 
ao, which is exactly the opposite of the be- 
havior observed during ethylene oxidation 
rate and emf oscillations (26, 27). It is 
worth pointing out that oscillations of type 
A or type B or both have been observed in 
many previous studies. However, no dis- 
tinction appears to have been made so far 
regarding their origin, i.e., preoxidized or 
prereduced catalyst surface. 

(III) At the high-frequency bifurcation 
between oscillatory and nonoscillatory 
states the surface oxygen activity ao is near 
the dissociation pressure of surface Pt02, 
i.e., (28, 45), 

In ao = 12.5 - 12000/T. (17) 

This is similar to the behavior observed 

during ethylene oxidation (16, 27) and un- 
derlines the important role played by sur- 
face PtO, in the mechanism of oscillatory 
phenomena during catalytic oxidations on 
Pt. That surface PtOz plays a central role in 
the oscillatory phenomena is further cor- 
roborated by a series of electrochemical ox- 
ygen pumping experiments published sepa- 
rately (38) which have shown that rate and 
emf oscillations of CO oxidation can be 
started or stopped at will by application of 
appropriate external voltages to the type of 
cell described here, i.e., by externally con- 
trolling the surface oxygen activity on the 
catalyst surface. 

(IV) The existence of two types of oxy- 
gen bonded on the catalyst surface, i.e., 
dissociatively chemisorbed oxygen and 
PtO,, has been demonstrated by a series of 
surface titration experiments at tempera- 
tures between 300 and 450°C. The two 
forms of oxygen appear as two distinct CO2 
peaks upon exposure of a preoxidized cata- 
lyst surface to CO. For long oxygen expo- 
sure times fol the peak corresponding to 
PtO;! was found to be up to a factor of 10 
larger than the peak corresponding to 
chemisorbed oxygen, thus strongly indicat- 
ing multilayer oxidation of the Pt catalyst 
surface. The above observations II, III, and 
IV together with the emf behavior during 
oscillations show conclusively that oscilla- 
tions involve continuous oxidation and re- 
duction of the Pt surface and support the 
basic validity of the Pt oxide model pro- 
posed to describe the atmospheric pressure 
rate oscillations of CO oxidation (12, 15). 
The present results, besides providing con- 
clusive experimental support for the model, 
also suggest means for improving it, by in- 
cluding the PtO, decomposition pressure 
(Eq. (17)), by taking into account the possi- 
bility of multilayer Pt oxidation, and also by 
including gas phase mass balances. Such a 
model is presented in a forthcoming paper 
(44). 

(V) The question frequently raised in the 
literature (5) about catalyst crystallite com- 
munication and synchronization has been 
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resolved by the two catalyst film experi- 
ments. These experiments have shown con- 
clusively that catalyst crystallite communi- 
cation and synchronization occur via fast 
mass transfer through the gas phase. This 
underlies the interplay between reactor and 
catalyst in the observed oscillatory phe- 
nomena, i.e., the correspondence between 
gas phase composition and surface compo- 
sition oscillations. Without this means of 
crystallite communication via the gas phase 
no rate or emf oscillations would be macro- 
scopically observable. 

In summary the combination of detailed 
kinetic and SEP measurements together 
with isothermal surface titration experi- 
ments on Pt catalyst surfaces with carefully 
defined initial oxidation state appears to 
provide a self-consistent picture about the 
steady-state and oscillatory behavior of the 
atmospheric pressure CO oxidation on Pt 
and to support the validity of the PtOz- 
based models for the description of the hys- 
teresis and oscillatory phenomena of this 
system. 

The present study shows the usefulness 
of solid electrolyte cells for the study of 
catalytic reactions on metals. The same 
type of cells can be used to control the oxi- 
dation state of the catalyst independently 
from the gas phase by appropriate applica- 
tion of external voltages. Results obtained 
with this active mode of operation for the 
oxidation of CO on Pt are presented in a 
separate paper (38). 
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