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Transient methods of Temperature-Programmed Reaction (TPR) and Concentration-Pro- 
grammed Reaction (CPR) have been used to uncover regions of self-sustained oscillations of CO 
oxidation on a 5 wt% Pt/SiO, catalyst. The surface dynamics of the oscillations were studied using 
Fourier Transform Infrared (FTIR) spectroscopy and sensitive surface-temperature measure- 
ments. Surface-temperature excursions up to 150°C are recorded while adsorbed CO oscillates by 
as much as 60% of total coverage. The oscillations are shown to occur only within the high-to-low 
steady-state transition region which shifts from the stoichiometric point toward the lean CO region 
as the temperature is lowered. Multiple surface-temperature measurements reveal that extreme 
spatial nonuniformity and propagating waves of high reaction fronts are common in the region of 
CO inhibition and during oscillations. It is shown that the localized hot spots occur in regions which 
sustain higher reaction rates while CO inhibition prevails in other regions of the catalyst. Oscilla- 
tions in CO* production appear to be the result of fluctuating zones of high and low reaction rates, 
and therefore represent averages over spatially inhomogeneous surface states, rather than over 
spatially uniform states as has been customarily assumed. o 198s Academic PESS, I~C. 

INTRODUCTION 

Numerous experimental studies have 
demonstrated the occurrence of self-sus- 
tained oscillations during the oxidation of 
carbon monoxide over supported and un- 
supported platinum catalysts (1-17). Simi- 
lar behavior has been observed in a variety 
of other heterogeneously catalyzed oxida- 
tion reactions (HZ, NH3, and light hydro- 
carbons) and extensive review papers are 
available (18-21). Although a limited num- 
ber of studies have observed oscillatory 
states arising from system impurities (4-6), 
the majority of researchers in the field now 
believe that intrinsic reaction kinetic pro- 
cesses underlie the observed dynamic be- 
havior. 

Considerable efforts have been devoted 
to the mathematical modeling of oscillatory 
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catalytic reactions and various schemes 
have been proposed. It has now been dem- 
onstrated that the interplay of mass trans- 
port and Langmuir-Hinshelwood kinetics 
does not yield oscillatory behavior (18, 22). 
Models of surface processes involving for- 
mation of subsurface oxides (23, 24), cov- 
erage-dependent activation energies (25), 
existence of two forms of adsorbed species 
(I, 2Z), interplay of mass transport be- 
tween protrusions on the roughened sur- 
face of a catalytic wire (26), interplay of 
mass and heat transport with the micro- 
scopic structure of supported catalyst parti- 
cles (27), and the possibility of catalyst sur- 
face phase transformations (28, 29) have 
been proposed. These theoretical studies 
have had varying success for predicting os- 
cillations of one form or another, but none 
has attained a generally accepted status as a 
result of failure to predict the experimental 
results when realistic parameters are used, 
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or an inability to exhibit the long periods of 
the oscillations usually ohserved in cata- 
lytic reactions. 

The expanding literature on the subject 
of oscillations is due in part to the novelty 
and diversity of the phenomena. Another 
factor contributing to the multitude of ex- 
perimental studies and proposed models, is 
the fact that the majority of the observa- 
tions reported so far are in terms of bulk 
variables (concentration and temperature) 
instead of surface variables. Measurements 
in terms of bulk variables do not permit 
unique determination of the underlying sur- 
face processes involved, and researchers 
have to assume the nature of such pro- 
cesses to simulate the bulk behavior. Unfor- 
tunately, different surface reaction models 
can yield similar overall (bulk) behavior. 

The scarcity of direct measurement of 
surface variables during self-sustained os- 
cillations has prompted us to investigate 
this phenomena using the powerful tran- 
sient capability of Fourier Transform Infra- 
red Spectroscopy (FTIR). FTIR is particu- 
larly suited for transient studies on 
supported catalysts since it provides full 
high-resolution spectra faster than disper- 
sive instruments, and high ir throughput. 
Computerized FTIR data acquisition and 
supporting software are used in this study, 
along with sensitive surface-temperature 
measurement and bulk gas measurements 
to simultaneously document the behavior 
of surface and bulk variables during self- 
sustained oscillations. 

While many authors have reported the 
existence of isothermal oscillations (d-24), 
several experimental and theoretical stud- 
ies of supported catalysts have provided 
evidence that the temperature of the metal 
particles is much hotter than the support 
(30-38). However, as in earlier investiga- 
tions in our laboratory (5, 13), quasi-iso- 
thermal behavior is often observed when 
thermocouples with large time constants 
are used, and apparent isothermal behavior 
is reported. In Part I of this study (32), we 
reported direct measurement of catalyst 

temperatures differing by more than 100°C 
from the reactor temperature. These mea- 
surements, obtained through the use of a 
delicate foil thermocouple having millisec- 
ond-response time, suggest the occurrence 
of a complex energy transport process in 
the quenching region of the CO oxidation 
reaction. Further results presented in this 
work indicate a role of this mechanism in 
the observed oscillations which suggests an 
intrinsic nonuniformity and strict non- 
isothermality, at least for the oscillations on 
supported catalysts. 

EXPERIMENTAL 

Apparatus and Procedure 

A detailed description of the experimen- 
tal apparatus has been given elsewhere 
(32), consequently only a brief description 
is presented below along with some impor- 
tant modifications to the infrared-cell reac- 
tor. 

The two main components of our experi- 
mental system are the FTIR spectrometer 
and a specially designed infrared-cell reac- 
tor. The FTIR spectrometer (Digilab FTS- 
1X) is equipped with a high throughput 
source and a liquid-nitrogen-cooled Hg- 
Cd-telluride detector to provide high sensi- 
tivity for transmission studies of supported 
catalyst samples. A Nova 3 minicomputer 
equipped with a 5Mbyte hard disk enables 
continuous real-time data acquisition and 
storage of thousands of complete ir spectra 
during experiments lasting up to 5 h. Subse- 
quent analysis enables the baseline-cor- 
rected peak height to be followed as a func- 
tion of time for any ir-active adsorbed 
species and some strongly absorbing gas- 
phase species. The results in this work are 
presented in what we call a “spectragram,” 
which represents the absorbance maximum 
for a particular species at a selected fre- 
quency plotted as a function of time, rather 
than as individual spectra. 

Special features of our design are: (i) pro- 
grammable flow and temperature control- 
lers which permit concentration and tem- 
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perature-programmed transient operation, 
(ii) the use of sensitive foil thermocouples 
which can be placed in direct contact with 
the catalyst surface to yield what is referred 
to hereafter as the “surface temperature.” 

Two modes of transient experimentation 
are used in our studies. During tempera- 
ture-programmed reaction (TPR), the tem- 
perature is increased quasilinearly and then 
decreased likewise while keeping the reac- 
tant concentrations constant. During con- 
centration-programmed reaction (CPR) the 
flow rate of carbon monoxide (CO-CPR) or 
oxygen (0,CPR) into the gas mixture was 
increased linearly for a l- to 2-h period and 
then decreased likewise while maintaining 
the reactor at constant temperature. The 
use of TPR and CPR along with surface- 
temperature measurements and continuous 
ir collection (5000-18,000 spectra per run) 
permits unique dynamic observations 
which are independent of the noise or per- 
turbations introduced when variables are 
abruptly changed (step changes). Self-sus- 
tained oscillations were obtained by first 
reaching regions of instability during TPR 
or CPR experiments. After having entered 
an unstable region, the programming mode 
was halted and all inputs were subsequently 
maintained at steady-state conditions. 

Infrared-Cell Reactor 

Results reported in Figs. l-4 were ob- 
tained using the small volume (6 cm3) ir re- 
actor described in detail elsewhere (32). It 
was constructed from two Varian Conflat 
flanges fitted with sapphire windows and a 
single-surface thermocouple. The gas 
stream was directed to flow countercur- 
rently in series past each side of the catalyst 
wafer through one inlet and one outlet port. 

The results shown in Figs. 5 and 6 were 
obtained in a modified design of the pre- 
vious version. The modified reactor has 
2.5cm CaF2 windows held tight against 
Grafoil (high-purity graphite produced by 
Union Carbide) gaskets to form a mount to 
the flanges which is leak-free and capable of 
withstanding high temperatures. An addi- 

tional improvement in the current design in 
that one inlet and one outlet is provided per 
flange so that the flow configuration along 
the catalyst wafer can be cocurrent or 
counter current. The results presented in 
Figs. 5 and 6 were obtained with the gases 
flowing parallel on each side of the wafer in 
a countercurrent flow. The catalyst holder, 
which also serves as the reactor gasket, 
was redesigned to promote mixing between 
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FIG. 1. TPR experiment with gas mixture of 9.0 cm’/ 
min CO, 5.0 cm%nin 9, and 160 cm3/min Nz. (a) Pro- 
grammed reactor temperature curve and response of 
CO2 production and surface temperature. (b) Spectra- 
gram for linear-bonded CO. 
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couple, and a sixth one to measure and 
control the reactor-wall temperature. The 
delicate foil thermocouples (Omega, type 
K) used for surface-temperature measure- 
ment have a millisecond-response time ena- 
bling direct measurement of local catalyst 

- 347 G 
. temperature excursions. This measure- 

ment, which we call the “surface tempera- 
ture,” primarily represents the temperature 
of the catalyst support, although some in- 
fluence from localized crystallite overheat- 
ing above the support temperature cannot 
be ruled out. This unique feature was de- 
scribed in detail previously (32) and has 
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FIG. 2. Self-sustained oscillations recorded after 
stopping the programming at 208°C following the maxi- 
mum in Fig. 1. (a) Oscillations of gas-phase CO2 and 
surface temperature. (b) Spectragram of adsorbed CO 
oscillations. 

the two sides of the reactor. The reactor 
flanges and catalyst holder were machined 4 O 
so that the mounted catalyst wafer is posi- 
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tioned symmetrically within the reactor TIME (Hrs) 

volume. FIG. 3. O,-CPR experiment at 126°C in which oxy- 

Another significant improvement with re- gen flow rate was slowly decreased from 22.0 to 5.0 

spect to the previous design is the addition cmVmin with CO and Nz constant at 9.5 and 200 cm3/ 

of feedthroughs which enable the insertion 
min, respectively. (a) Surface-temperature excursions 

of four sensitive foil thermocouples in con- 
during the transition. (b) The programmed change in 

tact with the catalyst, a gas-phase thermo- 
oxygen flow rate and CO2 production instabilities prior 
to complete quenching. 
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been an extremely valuable source of infor- 
mation concerning surface events. 

The orientation of the four surface ther- 
mocouples relative to the flowing gases is 
demonstrated in Figs. 5c and d. The filled 
circles represent a contact point on the 
viewer’s side of the catalyst, while the open 
circles represent contact on the backside of 
the wafer. The thermocouples sample four 
points at the comers of a l-cm2 region at the 
center of the wafer. This arrangement pro- 

FIG. 5. O,-CPR experiment with four surface ther- 
mocouples and diluted catalyst wafer. Constant condi- 
tions are T = 21o”C, N2 = 200 cm3/min, and CO2 = 12 
cm3/min while oxygen decreases from 15.5 to 7.5 cm’/ 
min. (a) Spectragrams for CO2 and adsorbed CO. (b) 
Spectragrams for CO2 and average catalyst tempera- 
ture along with the programmed change in oxygen flow 
rate. (c) Two thermocouple responses and schematic 
of their positions relative to flow; 0 = thermocouple 
on backside from viewer. (d) Two thermocouple re- 
sponses and schematic of their positions; 0 = thermo- 
couple on front side. 

vides information on temperature gradients 
TIME (HR?i) in the axial direction as well as in both di- 

I I I rections perpendicular to flow. The surface 

I 

thermocouple in the previous design was 
positioned near the reactor inlet at the loca- 
tion corresponding to T,,, in Fig. 5c. 

Catalyst Properties 

The current CO oxidation studies were 
performed over a 5 wt% Pt/SiOz catalyst. 
The catalyst sample was prepared by incipi- 
ent wetness impregnation of silica gel 
(Harshaw) with a solution of chloroplatinic 

\ acid of the desired composition. After dry- rTg 
3 

ing, the catalyst was first oxidized at 300°C 
in a flow reactor for 6 h and then reduced 

50 for 12 h in 20% H2Me at 200°C. Carbon 

FIG. 4. Self-sustained oscillations obtained at same 
monoxide chemisorption measurements in- 

conditions as Fig. 3 by stopping the oxygen program- dicate that the Pt dispersion is 16.9% cor- 
ming at 8 cm%nin. (a) CO* production. (b) Spectra- responding to an average crystallite size of 
gram of adsorbed CO. (c) Surface temperature. 68 A. A catalyst disk, 2.0 cm in diameter 
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FIG. 6. Self-sustained oscillating waves with four thermocouples and a diluted wafer at constant T = 
200°C N2 = 200 cm3/min, CO = 27 cm3/min, O2 = 14 cm’/min. (a) Spectragrams of COz, adsorbed CO, 
and average catalyst temperature. (b) and (c) Oscillatory readings of surface thermocouples numbered 
according to Fig. 5. 

and 0.1 mm thick, was pressed from 0.03 g. 
of the powder under a pressure of 10,000 lb/ 
in2. The wafer was again reduced in situ in 
the ir reactor for 2 h at 200°C prior to each 
run. 

RESULTS 

In Part I of this work (32) we reported 
results from TPR and CO-CPR studies of 
CO oxidation on the same Pt/Si02-sup- 
ported catalyst. Among the various novel 
results reported, it was noted that these 
programming techniques provided a sys- 
tematic method of locating oscillatory be- 
havior. As shown below, these oscillations 
occur only in a narrow window of operating 
conditions, thus it is not surprising that 
they are often not detected, thereby leading 
investigators to question the occurrence of 
this phenomena or to attribute it to extrane- 
ous factors. 

Figure la displays results of a TPR ex- 
periment in terms of surface and gas-phase 
temperature, and CO2 production (obtained 
from the ir analyzer), whereas Fig. lb 
shows the FTIR absorbance data for the lin- 
ear bonded, adsorbed CO as a function of 
time. The gas flow rates were held constant 
at 160, 9.0, and 5.0 cm3/min, respectively 
for NZ, CO, and 02. The FTIR data was 

obtained by coadding a preset number of 
scans (usually lo), storing the data as a set 
(about 1000 sets per run), and using a spe- 
cial software which displays the baseline- 
corrected absorbance peak height at speci- 
fied frequencies (2360 + 20 cm-i for CO2 
and 2070 ? 20 cm-i for CO) as a function of 
time, in what we refer to as a “spectra- 
gram.” 

The overall feature of Fig. 1 have been 
described in detail for similar TPR results 
reported previously (32). Relevant to this 
paper is the temperature reversal (over- 
heating followed by rapid cooling) observed 
in the decreasing temperature branch of the 
TPR. Such a maximum in surface tempera- 
ture appears to be a characteristic of the 
surfaces processes which precede the 
quenching of the reaction and thus may 
play an important role in the oscillation 
phenomena. 

It should be noted that during TPR and 
CPR experiments, the slow programming 
rates used in our studies do not introduce 
artificial lags in the systems dynamic re- 
sponse so that the results within stable re- 
gions can map the steady-state behavior 
over a range of temperature or concentra- 
tion. In unstable regions, the results will be 
representative of the nature of the unstable 
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or oscillatory behavior that would be ob- 
served if all variables were held constant in 
that region. 

Self-oscillatory behavior can be observed 
for the conditions of Fig. 1, only within the 
region beginning with the onset of surface- 
temperature reversal at 210°C and ending 
with quenching of the reaction at 155°C. 
This region is split at 185°C where the sur- 
face temperature rises to the maximum of 
287°C followed by a sudden cooling to 
220°C. The CO surface coverage (Fig. lb) 
rises very slowly in the first part of the tem- 
perature reversal and then following the 
maximum, it increases rapidly to about 50% 
coverage while the surface temperature is 
in its region of rapid cooling. Up to this 
point the CO2 production shows the strong 
inhibition effect of increasing CO coverage. 
Beyond the region of rapid cooling, the CO 
coverage, surface temperature, and CO2 
production all show evidence of oscillatory 
behavior for the remainder of the tempera- 
ture programming until the quenched, low 
steady state is reached. 

Different forms of self-sustained oscilla- 
tory behavior can be observed when the 
temperature programming is halted in the 
first part of the temperature reversal region 
(210-185°C) prior to the reversal maximum, 
or in the region following the rapid cooling 
of the surface temperature (185-155°C). 
The oscillations in the high-temperature re- 
gion are characterized by long periods (1 h) 
and large changes in CO coverage and sur- 
face temperature, yet comparatively small 
changes in CO2 production. Figures 2a and 
b show the oscillatory state obtained by 
stopping the programming when the reactor 
temperature was 2 10°C. The peak-to-peak 
amplitude changes of such oscillations are 
0.5% for the COz outlet concentration, 
about 100°C for surface temperature (Fig. 
2a), and about 56% for CO coverage (Fig. 
2b). In the first cycle, the surface tempera- 
ture first increases, along with a slight in- 
crease in COz production and a decrease in 
CO coverage in what appears to be a se- 
quence of stepwise processes. Then the 

surface temperature spikes through a maxi- 
mum along with a decreasing CO2 produc- 
tion and a barely detectable reversal in sur- 
face CO followed by a rapid decrease in CO 
coverage. Next, surface temperature de- 
creases slowly at first followed by rapid 
cooling. CO coverage steadily increases 
and then reaches its maximum while CO2 
production changes very little at first and 
then decreases to reach a minimum, which 
is the start of a new cycle. 

If the reactor temperature was stopped 
between 185 and 155°C oscillations with 
similar features but shorter periods and 
smaller amplitudes could be observed. In 
this case, however, surface temperature 
and CO2 production were in phase but var- 
ied inversely with CO coverage. 

Oxygen CPR results, displayed in Fig. 3, 
represent the decreasing half of a typical 
OrCPR experiment described previously 
(32). These results were obtained at a gas- 
phase temperature of 126°C and at N2 and 
CO flow rates of 200 and 9.5 cm3/min, re- 
spectively. In this case the high steady state 
was first attained by increasing the oxygen 
until ignition occurred at which point the 
oxygen was programmed to decrease from 
22.0 to 5.0 cm3/min over a 2-h period. The 
data shows the development of a wide 
range of instabilities which become more 
severe as the CO inhibition increases and 
finally quenches the reaction at a CO/O;, ra- 
tio of 1.4. 

At first the CO2 production in Fig. 3 re- 
mains fairly constant, surface temperature 
begins to gradually increase and adsorbed 
CO is not detectable (not shown). Further 
decreases in oxygen partial pressure lead to 
steadily larger spikes and chaotic tempera- 
ture excursions from which the average 
surface temperature can be seen at first to 
increase, followed by a sharp decrease, in 
an analogous manner to results presented 
previously for this type of experiment (32). 
At the onset of the surface-temperature 
fluctuations, adsorbed CO became detect- 
able and exhibited similar chaotic behavior 
throughout the quenching region. The first 
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observable fluctuations were in the low 
coverage range (<lo%) and correspond to 
the region where the surface-temperature 
spikes were on the average increasing. In 
this region the CO* production shows some 
inhibition but does not reflect the chaos 
measured in the surface variables. In the 
region of the maximum and subsequent de- 
crease in average surface temperature, the 
surface coverage fluctuations were much 
larger and centered around the range of 20 
to 60% of the coverage maximum. These 
adsorbed CO excursions produce a more 
severe inhibition effect on the reaction, as 
can be seen by the greater amplitude of the 
CO2 production excursions nearing the 
point of quenching. Indeed, the final fluctu- 
ations prior to quenching are the most ex- 
treme for all variables, most notably the 
surface temperature, which spikes twice to 
values nearly 150°C above the reactor tem- 
perature. During this surprising behavior, 
the CO2 production decreased to a pro- 
nounced minimum under the influence of 
increasing CO coverage near 90% of the 
coverage maximum. 

This experiment uncovered a wide range 
of CO/O2 ratios (1 .O- 1.4) in which the reac- 
tion was unstable. As expected, a wide va- 
riety of self-sustained oscillatory behavior 
could be observed by repeating the experi- 
ment and stopping the programming at vari- 
ous oxygen concentrations. The majority of 
these states were conspicuously nonperi- 
odic or chaotic in nature, while a few would 
converge to a stable limit cycle after an in- 
duction period of several hours. The most 
striking of these, shown in Fig. 4, occurred 
in the region of the significant temperature 
excursions at an oxygen flow rate of 8.0 
cm3/min with the same reactor tempera- 
ture, and CO and N2 flows as for Fig. 3. 

Besides the unique display of distinctly 
periodic surface coverage oscillations, the 
data in Fig. 4 is a striking demonstration of 
the capabilities of computerized FTIR 
spectroscopy. These results were extracted 
from 18,000 ir spectra which were recorded 
sequentially, without interruption over a 5- 

h period (1800 sets of 10 coadded scans). 
These oscillations are characterized by pe- 
riodic changes in CO2 production (0.5%), 
surface CO (over 50%), and surface-tem- 
perature oscillations on the order of 150°C. 
Each cycle has a 20-min period and is char- 
acterized by two subcycles which upon 
close inspection reveal that whenever CO 
coverage increases, CO2 production de- 
creases, and surface temperature increases. 
The relationship between CO2 production 
and surface coverage is clearly dominated 
by the inhibition effect of accumulating CO 
coverage. Indeed, the large decreasing 
spike for CO2 in the larger subcycle empha- 
sizes the stronger inhibition effect when CO 
is in the range of 90% of the coverage maxi- 
mum. It is precisely during this sharp de- 
crease in CO2 production that the surface 
temperature takes off on its excursion 
through a 150°C maximum. 

The periodicity of these oscillations and 
the regularity of the patterns was indeed 
remarkable. Clearly the oscillatory pattern 
shown in Fig. 4 is quite different from those 
presented in Fig. 2, although the role of CO 
inhibition is clearly manifest in each case. 
As noted in our previous studies (32), blank 
runs were made with silica wafers to insure 
that the results, in particular the surface 
temperature, were not artifacts of experi- 
mental techniques. From the results of 
these runs we concluded that neither the 
stainless-steel reactor, the aluminum sam- 
ple holder, nor the Chromel-alumel surface 
thermocouple were making any detectable 
contributions to catalytic activity. Runs 
carried out in the absence of the ir beam 
showed no difference in the oscillatory be- 
havior indicating that it was not affected by 
the irradiation. Furthermore, recent results 
obtained during the writing of this paper on 
a 2% Pd/SiOf catalyst also show the exis- 
tence of a temperature reversal and oscilla- 
tory behavior. These experiments prove 
that our results are not affected by extrane- 
ous factors but rather uncover a character- 
istic behavior of relevance to CO oxidation 
on various supported noble metal catalysts. 
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The inordinate temperature excursions in 
Fig. 4 occurred precisely as the CO produc- 
tion was passing through a sharp minimum. 
This behavior is completely the reverse of 
what would be expected, and led us to ex- 
plore the possibility of a localized behavior 
which was different from the bulk. In Part I 
of this work (32), we showed that the weak 
ir bands detected between 1800 and 2000 
cm-’ were directly related to the surface 
temperature. Such bands always increased 
with increases in CO2 production along the 
high steady state, in agreement with the 
surface thermocouple measurements, thus 
proving that the temperature was not local- 
ized to the site where the thermocouple was 
placed. However, analysis of these bands 
for the oscillations in Figs. 2 and 4 indicate 
a discrepancy with the thermocouple read- 
ings. The square wave pattern of the sur- 
face temperature in Fig. 2 was reflected in 
the ir bands, but not the high-temperature 
excursions. For the results in Fig. 4 how- 
ever, the temperature-sensitive ir band 
mimicked perfectly the changes in CO2 pro- 
duction, indicating that the average temper- 
ature of the catalyst was decreasing as the 
surface thermocouple recorded what must 
be viewed as a localized increase of about 
150°C. 

To verify whether or not such extreme 
nonuniformity could exist along such a 
small catalyst wafer, the modified version 
of the ir-cell reactor was constructed. The 
data in Figs. 5 and 6 were obtained using a 
countercurrent gas flow scheme and by re- 
cording readings from four surface thermo- 
couples contacting the catalyst wafer in a 
square pattern as shown in Figs. 5c and d. 
Using the CaF2 windows, an additional, 
highly temperature-sensitive band centered 
around 1310 cm-’ could be followed to 
yield a qualitative indication of the average 
catalyst temperature. 

The results in Figs. 5 and 6 were carried 
out under site-limiting conditions, as op- 
posed to the reactant-limiting situation 
present in our previous runs. This was un- 
dertaken to determine if the availability of 

excess sites was making the spatial nonuni- 
formity possible, and to see if the form of 
the oscillations were different under site- 
limiting conditions. The conditions for site- 
limiting kinetics were obtained by pressing 
wafers with different dilutions of inert silica 
until the conversion during a benchmark 
CO-CPR run was noticeably diminished. 
Such conditions were found when a mix- 
ture of 90% silica and 10% of the original 
catalyst was used. The effective loading of 
these wafers was thus 0.5 wt% Pt/Si02. 

Figure 5 shows the results of an OrCPR 
run performed in the same manner as in 
Fig. 3, but at 21O”C, 200 cm3/min N2, 12.0 
cm3/min CO, and oxygen programmed to 
decrease from 15.5 to 7.5 cm3/min over a 
45-min period. Shown in Figs. 5a and b are 
the in situ ir spectragrams for CO2 (2360 + 
20 cm-i), adsorbed CO (2070 2 20 cm-‘) 
and average surface temperature (13 10 + 10 
cm-‘). The programmed oxygen flow rate is 
also shown in Fig. 5b. Figures 5c and d 
show the response from the four surface 
thermocouples and a schematic showing 
their positions. 

The CO2 production and surface CO vary 
according to an inverse relationship in Fig. 
5a, as is characteristic of the inhibition re- 
gion. The surface thermocouple measure- 
ments show qualitatively similar regions as 
observed for Fig. 3. Initially, the catalyst 
temperature is increasing through a region 
marked by chaotic fluctuations, followed by 
a sharp decrease leading to quenching. The 
individual surface-temperature measure- 
ments however, deviate significantly from 
each other, indicating the occurrence of 
spatially distributed reaction rates in the in- 
hibition region. The communication is ap- 
parently good in the direction perpendicu- 
lar to flow, but there is considerable 
nonuniformity in the axial direction. Most 
noteworthy is the sharp decrease in local 
temperatures on one end which is mirrored 
by overshoots in temperature at the other 
end. This indicates that communication by 
mass and energy transfer is rapid, but local- 
ized hot spots can be sustained for time per- 
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iods much longer than the time constants 
for mass and energy transfer. The average 
catalyst temperature (Fig. 5b) indicated by 
the ir band at 1310 cm-’ reflects more 
clearly the changes in CO2 production, al- 
though a close inspection reveals that this 
average is steadily increasing in the first 
portion of the inhibition region where CO2 
begins to decrease and become unstable. 

A clear indication of surface nonuniform- 
ity can be seen in Fig. 6. These oscillations 
were found at 2OO”C, with 200 cm3/min NZ, 
27 cm3/min CO, and 14 cm3/min OZ. The ir 
spectragrams for CO*, adsorbed CO, and 
average catalyst temperature (Fig. 6a) are 
shown along with the four local-tempera- 
ture measurements (Figs. 6b and c). The ir 
measurements are in agreement with the 
expected trends, showing average catalyst 
temperature and inverse CO coverage os- 
cillations directly in phase with C02. How- 
ever, the 15min period of these oscillations 
reflects what appears to be a propagating 
nonuniform temperature wave in which low 
temperatures prevail at one end of the wa- 
fer while the opposite end axially is experi- 
encing up to 100°C higher temperatures and 
vice versa. The four thermocouples provide 
information on this wave behavior since 
T,,, and Ts,3 are near one end of the wafer 
while Ts,2 and Ts,4 are near the opposite end 
in the axial direction. These results demon- 
strate that localized hot spots can indeed 
occur even under site-limited conditions, 
and lead us to believe that the inordinate 
temperature excursions in Figs. 2 and 4 are 
the results of similar localized events which 
also occur under reactant-limiting condi- 
tions. 

The exact nature of the surface tempera- 
ture wave cannot be determined from the 
temperature measurements alone. It may 
be a standing wave, an axially traveling 
wave moving backwards and forwards, or a 
wave always traveling in the same direction 
and restarting at the same edge. We have 
observed on at least 10 different wafers of 
both Pt/SiOZ and Pd/Si02, that the inhomo- 
geneities always travel in the axial direction 

even if the wafer is rotated 90” and the ex- 
periment repeated. This demonstrates that 
the wave direction is related to the direc- 
tion of flow rather than some inhomoge- 
neity in the wafer itself. 

DISCUSSION 

The major findings of this study can be 
summarized as follows: 

1. Unstable and oscillatory behavior is 
observed when the system is within the 
high-to-low steady-state transition region 
where quenching begins to occur due to CO 
inhibition and competitive adsorption be- 
tween CO and OZ. 

2. The onset of oscillatory behavior shifts 
along with the onset of CO inhibition from 
near the stoichiometric ratio above 250°C 
into the CO lean region and progressively 
toward lower CO/O2 ratios for tempera- 
tures below 250°C. 

3. A region of CO inhibition and oscilla- 
tory behavior can be systematically and re- 
producibly located by using transient reac- 
tion programming techniques. Starting at 
the high steady state, such regions can be 
found by using one of the following pro- 
gramming methods: (i) a decrease in the re- 
actor temperature; (ii) a decrease in the O2 
partial pressure; (iii) an increase in the CO 
partial pressure. 

4. Multiple surface-temperature mea- 
surements during the oscillations reveal the 
existence of local-temperature excursions 
which are vastly different and out of phase 
with the average temperature and CO* pro- 
duction measurements. 

5. Simultaneous, in situ FTIR measure- 
ment of CO2 production and surface CO 
during self-sustained oscillations demon- 
strate that the two are related through an 
inverse correlation. However, each of 
these measurements represents an integral 
or average of the localized values which 
may be vastly different from point to point 
in the wafer as suggested by the surface- 
temperature measurements. 

6. When the system is at either the high 
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or low steady state, the surface tempera- 
ture, CO coverage, and CO2 production ap- 
pear to be spatially uniform throughout 
the catalyst wafer, whereas nonuniformity 
apparently prevails in the transition re- 
gion. 

The above results reveal that the oscilla- 
tory behavior in this system is character- 
ized by two distinct conditions: (i) the onset 
of inhibition and (ii) the transition from spa- 
tially uniform reaction to a nonuniform, 
spatially distributed state in which localized 
hot spots of high reaction rate coexist with 
other regions of the catalyst that are locally 
much cooler because the reaction is inhib- 
ited by high CO coverage. 

With the latest improvements in our ir- 
cell reactor, we have verified that spatial 
nonuniformity occurs along with inhibition 
whenever the reaction is programmed 
through the transition region. With the on- 
set of inhibition, the spatial nonuniformity 
evidently arises because inhibition nucle- 
ates in one region of the catalyst while a hot 
spot is nucleating in another region (Fig. 5). 
It thus appears that the onset of a localized 
inhibition leaves more reactant available to 
be reacted in other portions of the catalyst 
to form a hot spot. This would explain why 
two of the thermocouples in Fig. 5 are 
much cooler while the other two are much 
hotter than the uniform average tempera- 
ture that prevailed before entering the inhi- 
bition region. 

The oscillations in Fig. 6 not only demon- 
strate the nonuniform spatial temperature 
distribution, but also demonstrate that the 
localized events can be dynamic and propa- 
gate throughout the wafer as a traveling 
wave. Apparently, this phenomena is simi- 
lar to the traveling waves observed for CO 
oxidation in a fixed-bed reactor (14) and are 
related to the length of the bed and the axial 
geometry and flow pattern of the reactant 
gases. 

Thus the ultimate pattern of the oscilla- 
tions depends on the capacity of the system 
of individual oscillators (crystallites) to 
communicate with their immediate environ- 

ment. This communication is apparently 
strongly linked to the geometry of the sys- 
tem through the patterns of gas flow and the 
mass and thermal transport rates that pre- 
vail within the catalyst pellet. 

Clearly communication among regions at 
high steady state and regions of high CO 
coverage is not limited by diffusional trans- 
port of heat or mass since the time constant 
of these processes is far shorter (<5 set) 
than the periods of the oscillations reported 
here (15 min to 1 h). 

While the high degree of nonuniformity 
alone may account for the structure of cer- 
tain oscillatory patterns, other factors must 
also be contributing to the ability of certain 
regions to sustain hot spots, as well as pro- 
viding a hot spot with the ability to propa- 
gate along the catalyst pellet. One such 
factor could be the occurrence of 
coverage-induced and temperature-depen- 
dent surface phase transformations which 
have been observed for certain platinum 
crystal surfaces (39-M). The Pt(ll0) trans- 
formation has been found to occur below 
25°C (40, 4I), while the Pt(lOO) transition 
occurs in the range 180 to 250°C (22) de- 
pending on the coverage. Indeed the phase 
boundary between the two Pt(lOO) phases 
was shown to be a function of both CO con- 
centration and temperature according to an 
Arrhenius dependence (22). The most re- 
cent results on this Pt surface (27) demon- 
strate that the phase transition indeed 
occurs during oscillations along with 
significant fluctuations in the local CO cov- 
erage. However, the exact picture in terms 
of differences in sticking coefficients and 
adsorption energies for CO and O2 on the 
two surface phases is still incomplete. 
Some notable similarities between our own 
study and the UHV studies (12, 17, 44) in- 
clude the inhibition behavior in which high 
CO coverage leads to the decreasing rate 
portion of the cycle while a drop in the CO 
coverage leads to the increasing rate. Also, 
the existence of spatial nonuniformity 
seems to occur even on the single crystals 
during the oscillations as evidenced by the 
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apparent nucleation of isolated patches of 
the new phase as the transition occurs (17, 
44). The LEED results during oscillations 
(17) indicate that spatial uniformity does 
not always exist over distances of the order 
of the l-mm* area that the LEED beam 
samples. 

The role of slow oxidation and reduction 
of a subsurface oxide (23, 24) does not 
seem to be responsible for the long periods 
of the oscillations in light of the severe spa- 
tial nonuniformity of the oscillating system. 
However, a slow modification of the sur- 
face does seem to occur over a 12- to 24-h 
induction period in which the initial system 
behavior upon entering the inhibition region 
is gradually modified. Initial instabilities 
most often appear as long transients or cha- 
otic instabilities which over a time period of 
several hours develop into larger and more 
periodic oscillations which may become 
self-sustained or lead to quenching of the 
reaction. The time frame of this effect is 
more in line with the time constants result- 
ing from measurement of the rate of oxida- 
tion of a platinum surface (23). 

An additional factor which needs further 
investigation is the mechanism of energy 
dissipation in supported catalysts. Several 
theoretical studies have in the past, focused 
on the temperature rise of supported crys- 
tallites (33-38). The work of Steinbruchel 
and Schmidt (37) demonstrates that the 
mode of energy release, the size of the crys- 
tallites, and the thermal boundary resis- 
tance at the crystallite support interface are 
all important in determining temperatures. 
They predicted 150 to 300°C increases in 
crystallite temperature for a typical exo- 
thermic reaction using conservatively esti- 
mated parameters. Since the support tem- 
perature was assumed to be constant in 
these calculations, similar predictions for 
our system should be even higher since our 
observations of up to 150°C temperature 
excursions (Fig. 4) primarily represent the 
support temperature. 

The mechanism of energy dissipation in 
the surface reaction itself is another area 

that could benefit from more theoretical 
and experimental work. Steinbruchel and 
Schmidt (37) point out that the products of 
exothermic surface reactions are most 
likely formed in excited states. However, 
the possibility that the product molecule 
desorbs from the surface without complete 
thermal accommodation was not consid- 
ered. The assumption that the adsorbed re- 
action product releases its energy to the 
surface in several vibrational periods (10-l* 
set) may not apply when the nascent prod- 
uct molecule is not trapped in an intermedi- 
ate adsorbed state as is apparently true for 
CO2 on platinum surfaces (45). Recently 
several studies have reported on the forma- 
tion of hot CO2 molecules on Pt single crys- 
tals and polycrystalline Pt foils in which ex- 
cess energy was detected in the trans- 
lational (45-51) as well as the vibra- 
tional and rotational modes (52, 53) of the 
desorbing CO2 molecules. 

In a previous publication (32) we de- 
scribed how such excited CO2 molecules 
might contribute to the inordinate tempera- 
ture excursions along with thermal nonuni- 
formities by providing energy removal 
through deexcitation by radiation or colli- 
sions with other gas molecules. It now ap- 
pears that the thermal nonuniformities are 
more severe than we at first thought and 
that the temperature reversals measured by 
the single thermocouple previously re- 
ported were partly due to localized inhibi- 
tion on other parts of the catalyst. How- 
ever, Fig. 5 demonstrates that the 
overheating can be observed at all four 
thermocouples at the onset of inhibition. 
Indeed, a gradual increase in the average 
catalyst temperature is observed before the 
uniformity of the reaction breaks down, 
suggesting that such an energy transfer 
process may have a role in nucleating a hot 
spot. While any role of excited states in our 
results is clearly unproven at this point, the 
occurrence of excited states is widespread 
in homogeneous oxidation reactions of hy- 
drocarbon systems and has been well 
known for many years (54). These systems 
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exhibit a wide variety of chemilumines- 
cence in the ir, uv, and visible regions due 
to radiative deexcitation from excited 
states of nascent oxidation products. In- 
deed the chemiluminescence is widespread 
only in oxidation reactions much as is the 
case for oscillations in heterogeneous sys- 
tems. The effects of high heat of reaction 
and energy removal are evidently common 
elements which make the homogeneous 
and heterogeneous oxidation reactions 
unique from other reacting systems that do 
not exhibit these types of behavior. 

We have presented a variety of phenom- 
ena which may contribute to the self-sus- 
taining nature of the oscillations reported 
here. It seems clear that future modeling 
efforts must take into account the spatially 
nonuniform regions which arise during os- 
cillatory states as has recently been consid- 
ered in the literature (55, 56). In addition 
rate expressions with lumped parameters 
will be inadequate to account for competi- 
tive adsorption and inhibition effects which 
vary spatially within the catalyst. Although 
the Langmuir-Hinshelwood mechanism 
has been convincingly shown to prevail for 
this system (47, 49), the assumption of a 
rate-limiting step may not be justified for 
any modeling attempt since the surface re- 
action may not be rate limiting for CO oxi- 
dation below 3OO”C, as is often assumed. 
Campbell et al. (47) have observed that the 
rate of CO2 production on an oxygen-cov- 
ered surface is limited by the adsorption 
rate for CO. As has been pointed out by 
Herz and Marin (57), CO adsorption-lim- 
ited kinetics can fit the data very well at 
these temperatures. In fact our TPR and 
CPR results reported previously (32) and in 
Figs. 1 and 5 support that CO adsorption is 
indeed the rate-limiting step at the high 
steady state. This is evident since increas- 
ing the temperature above the value re- 
quired for ignition during TPR does not af- 
fect the rate as would be expected if 
activation of the surface reaction step were 
rate limiting. Similarly, increasing the oxy- 
gen partial pressure above the value re- 

quired for ignition does not lead to any in- 
crease in rate as would be expected if the 
oxygen adsorption were rate limiting. How- 
ever, under all conditions on the high 
steady-state branch, increases in CO partial 
pressure produced a proportional increase 
in CO2 production until the inhibition region 
was encountered. If CO adsorption is in- 
deed the rate-limiting step at high steady 
state, then it is apparent that the rate-limit- 
ing step changes at the onset of CO inhibi- 
tion since CO begins to accumulate. If we 
next consider the inhibited, low steady 
state, it is obvious that the surface supply 
of oxygen is rate limiting due to low avail- 
ability of vacant sites for the dissociative 
oxygen chemisorption process. The occur- 
rence of hot spots of locally high reaction 
rates seems to imply that the surface reac- 
tion rate is still not rate limiting during the 
conditions of inhibition and oscillation. 
Thus we can conclude that at the onset of 
inhibition the rate-limiting step shifts from 
being adsorption of CO to adsorption of ox- 
ygen which is hindered by accumulating 
co. 

This work presents several new and de- 
finitive results concerning oscillatory states 
during CO oxidation on Pt/SiOZ. A system- 
atic method for finding such states via tem- 
perature and concentration programming 
shows that they occur in the transition re- 
gion between high and low steady states. 
Surface oscillations in both coverage and 
temperatures are clearly observed. The 
spatially average nature of the ir measure- 
ments is shown in contrast with the local- 
ized nature of temperature excursions, a 
point not experimentally demonstrated be- 
fore. We anticipate that the temperature 
fluctuations are related to similar wavelike 
inhomogeneities in CO coverage. In order 
to elucidate the true nature of the inhomo- 
geneities, a new series of experiments are 
underway in which selected area FTIR 
measurements will be used to determine if 
the temperature waves can be correlated 
with similar wavelike behavior in CO cov- 
erage. 
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