
122 Surface Science 160 (1985) 122-138 
North-Holland, Amsterdam 

S T U D I E S  O N  S E L F - S U S T A I N E D  R E A C T I O N - R A T E  O S C I L L A T I O N S  

I. Real-time surface infrared measurements during oscillatory oxidation of 
carbon monoxide on platinum 

V.A.  B U R R O W S  and  S. S U N D A R E S A N  * 

Princeton University, Princeton, New Jersey 08544, USA 

and  

Y.J. C H A B A L  and  S.B. C H R I S T M A N  

A T&T Bell Laboratories, Murray Hill, New Jersey 07974, USA 

Received 14 January 1985; accepted for publication 25 March 1985 

Time-resolved infrared absorption features in the 1800-2400 cm -1 region during a typical 
cycle in the oscillatory oxidation of CO over a platinum foil were obtained by Fourier transform 
infrared reflection absorption spectroscopy. Pretreatment of the foil in an oxidizing environment at 
high temperatures was found to be necessary to induce large-amplitude, stable oscillations. The 
oscillations are approximately square-wave in shape, with a high and a low reaction-rate branch. 
The level of chemisorbed CO in the high reaction-rate branch is typically below the noise level, 
while in the low reaction-rate branch substantial surface coverages of CO can be observed. No 
evidence for CO bridge-bonded to the platinum substrate or chemisorbed in the presence of a 
subsurface Pt oxide could be found at any time during the oscillation cycle. Evidence is presented 
for the existence of CO islands in the low reaction-rate branch. It is also shown that the low 
reaction rate realized in this branch is not due to blocking of the surface by chemisorbed CO. 

1. Introduction 

Sel f - sus ta ined  r eac t i on - r a t e  osc i l la t ions  for m e t a l - c a t a l y z e d  o x i d a t i o n s  have  

b e e n  d o c u m e n t e d  in the l i t e ra tu re  s ince the o b s e r v a t i o n s  of  osc i l l a t ions  d u r i n g  

C O  o x i d a t i o n  ove r  Pt  m e s h  by  H u g o  in 1970 [1]. R e c e n t  reviews by  She in tuch  

and  Schmi t z  [2] and  S l in ' ko  and  S l in 'ko  [3] desc r ibe  m a n y  such  s tudies  of  

osc i l l a t ing  systems.  R e a c t i o n - r a t e  osc i l la t ions  have  b e e n  o b s e r v e d  d u r i n g  the  

o x i d a t i o n  of  p r o p y l e n e  [4], e thy lene  [5,6], N O  and  N H  3 [7], N O  and  C O  [8], 
c y c l o h e x e n e  [9], and  C O  and  b u t e n e  [10] ove r  Pt, d u r i n g  the  o x i d a t i o n  of  H 2 

o v e r  Pt [11], N i  [12-15] ,  and  Pd [16], and  d u r i n g  the o x i d a t i o n  of  C O  ove r  Rh  

[17], l r  [18], Pd [18], and  Pt  [19-28] .  
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Early measurements made on oscillating systems focused on bulk quantities, 
such as CO and CO 2 partial pressures, gas and catalyst temperatures, and gas 
flow rates. It is now believed that the reaction-rate oscillations result from 
surface rate processes rather than from interactions between bulk transport 
and chemical rate processes [14,15]. Whether the underlying surface rate 
processes giving rise to the observed oscillations are the same for all the 
systems is not clear at this time. Only recently have surface sensitive techniques 
such as solid electrolyte potentiometry [5,6,26], contact potential difference 
measurement [15], transmission infrared spectroscopy [22,23,27], video LEED 
and work-function measurements [24,25] been applied to investigate the state 
of the catalyst surface as reaction oscillations are occurring. None of these 
studies, however, has conclusively demonstrated which mechanism is responsi- 
ble for these complex oscillatory behaviors. 

The aim of this work is to assess in a quantitative manner the potential of 
real-time surface infrared spectroscopy for resolving some fundamental ques- 
tions about oscillations. Such questions include the roles that adsorbates such 
as CO, O, and possible impurities (Si, C . . . .  ) and that oxides in the near 
surface region ( S i O 2 ,  P t O  2 . . . .  ) play on the time variation of CO oxidation rate 
over a Pt foil. Many of these questions have arisen from a number of widely 
different proposed theoretical models which have not been thoroughly tested 
experimentally. In order to yield useful data, any experimental technique 
applied to the system must be able to probe the reaction on all relevant 
timescales, and must provide unambiguous support or disproof of specific 
proposed mechanisms. 

The experimental technique of infrared reflection absorption spectroscopy 
(IR-RAS) has found wide use in the study of adsorbates on low surface area 
substrates, in particular on single-crystal surfaces in UHV environment [29]. 
The development of Fourier transform interferometers has added higher 
energy throughput, broader spectral range, and time resolution to the tech- 
nique. For this experimental system the question is whether the technique 
covers a wide enough frequency range to measure all relevant adsorbates, and 
whether the time resolution available can probe the surface on all relevant 
timescales. 

We have addressed some of these questions by studying with FTIR-RAS the 
CO adsorbed on a Pt foil under oscillating conditions. To do so we first 
designed a reaction cell and sample holder which maximizes the infrared 
signal-to-noise ratio (S/N) while maintaining a precise control of the average 
sample temperature, as described in section 2. This design yields S/N among 
the best ever achieved with IR-RAS, and permits quantitative spectroscopy of 
adsorbates on a subsecond timescale. Next, it was necessary to develop a 
specific sample preparation procedure in order to yield reproducible oscilla- 
tions (section 3). In contrast to UHV studies, cleaning procedures for studies 
near atmospheric pressure are not well established, let alone understood, 
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although they are a determining factor in the oscillatory behavior of a sample. 
This has led at least one group to propose that surface impurities must be 
present in large quantity for oscillations to occur [28]. Through correlation of 
surface preparation with surface IR data, we have obtained a reliable char- 
acterization of the surface and have established criteria for oscillations (section 
3.1). 

A newly identified phenomenon of rapid reaction level (spike) which 
demands the ultimate time resolution achievable with our system is docu- 
mented in section 3.2. Next, a discussion of the data is presented in view of 
previous work (section 4). The implications of our measurements of CO 
adsorption for some previously proposed models are then outlined. Several 
models are shown to be inconsistent with our observations. Suggestions for 
other measurements extending the range of the infrared work are proposed. 
These measurements are more difficult than the detection of CO on the surface 
and will require extensive effort. Although the present work cannot completely 
solve this intricate problem, several conclusions about the mechanisms of 
oscillation can be drawn (section 5). Care is taken, however, not to mislead the 
reader by proposing an ill-tested model, but instead to carefully summarize 
and interpret the measured data. 

2. Experimental system 

The experimental system consists of a Pt foil catalyst sample, a constant-re- 
sistance controller to monitor and control the average temperature across the 
foil sample, a gas handling system to supply CO, O 2 or a reaction mixture of 
CO and O z in He at a desired flow rate and a reaction cell placed in a Nicolet 
6000 FTIR spectrometer for surface infrared analysis. 

The reaction cell is constructed of stainless-steel, UHV-compatible  compo- 
nents and has an internal volume of about 8.5 × l0 4 m 3. The small external 
dimensions allow the cell to be mounted directly onto the FTIR spectrometer 
bench. Electrical, thermocouple and gas flow feedthroughs, and a pressure 
gauge are mounted on the cell. A view port permits visual examination of the 
sample and temperature calibration at high temperature by means of a 
pyrometer. Infrared windows (CaF z or KBr) are mounted at both ends of the 
cell and are sealed with Viton O-rings. The windows have a viewing diameter 
of 38 mm. Under static conditions, the base pressure of the cell (10-2 Pa) is 
limited by the long path to a turbomolecular pump. This base pressure is 
adequate, however, since the normal working pressure of the cell during flow 
experiments is in the 103 Pa range. 

The Pt samples used in this study are foils of dimensions 90 mm × 13 
mm × 0.0127 mm or 0.0254 mm (Johnson-Matthey, purity > 99.99%). A novel 
sample holder was developed to hold the foil sample optically fiat, even after 
high-temperature flashing and annealing, to have a negligible contact resis- 
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tance ( <  5 x 10 -3 ~) ,  and to allow precise adjustment of the sample position. 
These factors were critical in achieving our very good infrared S/N. 

The pre-mixed reaction gas used in the present study contains 0.52% CO 
(99.5% purity) and 49.2% 02 (99.6% purity), and the balance is He (99.995% 
purity). This gives an effective Pco/Po2 ratio of 0.011, well within the 
concentration range of oscillations over Pt described by Turner et al. [20]. 

It is well documented that during nonisothermal reaction-rate oscillations, 
large catalyst temperature excursions occur [18,20,27]. In addition, spatial 
temperature variations have been reported during oscillations over supported 
catalysts [27]. As surface rate processes depend strongly on temperature it 
would be desirable (from the point of view of modelling efforts) to maintain 
the catalyst temperature constant during the reaction rate oscillations. To heat 
our sample to reaction temperature, a dc current is applied. We have devised a 
temperature measurement  and control system based on a constant-resistance 
controller [30]. The sample temperature is estimated from the measured 
resistance, with an absolute accuracy of + 15 K. However, relative changes of 
+ 1 K are detectable. The resistance of the sample is controlled through a DC 
feedback loop. 

Since the sample resistance is very low ( -- 0.02 12 at 298 K), high currents 
( >  10 A) are necessary to heat the sample to 575 K or more. The resistance 
control system is capable of delivering up to 20 A current to the sample, 
controlling the sample resistance to within an equivalent of + 1 K in average 
temperature with a response time of 5 ms, and providing a means to monitor 
the progress of the reaction. 

The experimental cell was mounted directly onto the optical bench of a 
Nicolet 6000 FTIR spectrometer. The focusing mirrors were adjusted to bring 
the incident IR beam at an angle of 8 5 ° +  2 °. A gold wire grid on AgBr 
polarizer (Perkin-Elmer), mounted on an externally controlled, motor-driven 
stage was placed between the reaction cell and the detector. During data 
collection, the position of the polarizer was fixed to yield either p polarization 
or s polarization. Either an InSb or a HgCdTe, liquid-nitrogen-cooled photode- 
tector was used. 

Unless stated otherwise, all spectra have been collected using the InSb 
detector, at a mirror velocity of 0.2 m / s ,  with 4096 data points per interfero- 
gram (2048 points per spectrum at a resolution of 4 cm-1) .  Under these 
conditions, the noise level (AR/R) is 0.2% for each 0.6 s scan, making it 
possible to detect 5% of a monolayer of CO with this time resolution. Since the 
full spectral range of the detector (2200 cm -1 for InSb in this system) is 
measured in this time, gas-phase CO 2 concentrations, as well as adsorbed CO 
coverages are monitored at the same time. As will be shown in section 3, 
reaction transitions can occur with durations of less than 5 s, making the 
rapid-scan capability of the infrared system particularly valuable for these 
experiments. 
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3. Experimental procedure and results 

3.1. Sample  pre treatment  and surface reactivity 

As no  osc i l l a t ions  cou ld  be  i n d u c e d  o n  a n o m i n a l l y  c lean  sample ,  we 

inves t iga t ed  the  sur face  I R  s p e c t r u m  ove r  the  r ange  2000 to 2300 cm -1 as 

va r i ous  p r e t r e a t m e n t s  were  p e r f o r m e d .  In  pa r t i cu la r ,  we  l o o k e d  for  C O  ad-  

s o r b e d  u p o n  exposu re  to C O / O 2  mix tu re ,  a f te r  a n n e a l i n g  the  s a m p l e  at 

p rogress ive ly  h igher  t e m p e r a t u r e s  in f l owing  0 2 . T h e  spec t ra  o b t a i n e d  are  

s h o w n  in fig. 1. I t  is c lear  f r o m  this f igure  tha t  inc reas ing ly  severe  oxygen  

t r e a t m e n t  led to h igher  sur face  cove rages  o f  C O  on  the  Pt  foil. It  was also 

f o u n d  that  inc reas ing ly  severe  oxygen  t r e a t m e n t  i nc reased  the  ab i l i ty  of  the 

ca ta lys t  s a m p l e  to sus ta in  r e ac t i on - r a t e  osc i l la t ions .  Fig,  2 shows vo l t age  t races  

o f  r eac t i on - r a t e  osc i l l a t ions  a f te r  the  three  t r e a t m e n t  levels  de sc r ibed  in fig. 1. 

T h e  osc i l l a t ions  were  f o u n d  to be  la rger  in m a g n i t u d e  and  m o r e  u n i f o r m  af ter  

the  ha r she r  t r ea tments .  

T h e  above  o b s e r v a t i o n s  were  qu i t e  r e p r o d u c i b l e  and  a l l owed  successful  

i n i t i a t ion  o f  osc i l l a to ry  b e h a v i o r  on  new samples .  T h e  sur face  i n f r a r ed  resul ts  
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Fig. 1. Infrared spectra of adsorbed CO as a function of Pt sample pretreatment. All spectra were 
measured at 4 x 103 Pa of flowing reaction mixture at room temperature: (a) with no pretreatment; 
(b) after 60 s at 535 K in 4 x 103 Pa flowing reaction mixture; (c) after 60 min at 775 K in 10- 2 Pa 
flowing 02 and cooling in 02, followed by 60 s at 535 K in 4)<10 -3 Pa of flowing mixture; (d) 
after 60 min at 1075 K in 10 2 Pa flowing 02 and cooling in 02 followed by 10 s at 535 K in 
4 ) < 1 0  - 3  Pa of flowing mixture; (e) as in (d), followed by 60 additional seconds at 535 K in 
mixture; (f) as in (e), followed by 3 additional minutes at 535 K in mixture. 
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Fig. 2. Oscillation results as a function of pretreatment. Oscillations obtained in 4 ×  10 -3  Pa of 
flowing reaction mixture, shown as sample potential drop ( - V m )  versus time, with sample 
resistance held constant: (a) no pretreatment in oxygen, new sample heated to 535 K; (b) after 02 
treatment at 775 K; (c) after 02 treatment at 1075 K. 

suggest that the cause of the increasing CO adsorption and the more pro- 
nounced reaction-rate oscillations with increasingly severe oxygen treatment is 
likely to be the increasing cleanliness of the platinum surface after these 
treatments. 

3.2. Inducing oscillations 

The conditions under which oscillations are initiated can provide important 
information as to the oscillation mechanism. Discussed below is a reliable 
method to induce oscillations on any new foil sample, based on spectroscopic 
results. 

Before each oscillation experiment, the sample was heated for 3 rain in 
4 × 103 Pa of flowing reaction mixture at ~ 775 K. Baseline spectra were then 
collected using p and s polarizations in flowing mixture at room temperature. 
The CO coverage obtained from these spectra was used as a qualitative 
measure of the cleanliness of the surface and the reproducibility of the starting 
surface. The gas pressure in the reaction cell was then set at the desired value 
(typically 4 × 103 Pa). 

When the average temperature of the sample was around 525 K, a small 
increase in the programmed sample resistance would result in a sharp decline 
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Fig.  3. Detail of spike in reaction rate, shown as sample potential drop ( - V m) versus time. Sample 
resistance, i.e. temperature, is held constant by controlling the current through the sample to 
compensate for changes in reaction rate. Thus, a decrease in V m corresponds to an increase in 
reaction rate. 

(spike) in the potential drop across the sample followed by a slow recovery (see 
fig. 3). The potential drop across the sample before the spike was larger than 
that following the spike. This transition was accompanied by a substantial 
increase in the gas-phase CO 2 level, indicating that the catalytic oxidation had 
ignited. The adsorbed CO band disappeared after the spike. Any further 
increase in the average temperature of the sample (above T O = 535 K) brought 
about a mild increase in the reaction rate and no additional sharp transitions 
were observed. 

If the average temperature of the sample was decreased below T O the 
catalytic oxidation remained ignited until about 10-20 K below T O at which 
point a quenching of the reaction rate would occur. This transition, occurring 
over a duration of several seconds was indicated by an increase in the potential 
drop across the sample, and a decrease in gas-phase CO 2, and slowly increas- 
ing adsorbed CO. 

Reaction-rate oscillations occurred in the temperature region just above and 
somewhat below T O . The precise position of the lower limit for the oscillatory 
region was difficult to define, as the period of oscillation increased with 
decreasing average sample temperature to well over 60 min and became 
difficult to monitor. An estimate of the lower limit is 15 K below T 0, and that 
of the upper limit is 5 K above T 0, so that the region of oscillations is 
approximately 20 K around T 0. 
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3. 3. Time-resolved data during oscillations 

With oscillations well-established, detailed IR studies were performed dur- 
ing the entire oscillation cycle. The primary goal of these studies was to assess 
the value of FTIR-RAS for this specific problem. The data presented here on 
CO adsorption on Pt shows that quantitative information can be obtained for 
al the important timescales of the oscillations. It further provides a tool for the 
evaluation of proposed models, as well as new insights into the phenomenon, 
as will be discussed in section 4. 

Fig. 4 shows a trace of the potential drop across the sample, during a single 
period of the reaction-rate oscillations for a 0.0127 mm thick Pt foil. Important 
features of a cycle are the high and low reaction states, the large, sharp ignition 
transient, or spike, and the small minicycles, similar in shape to the main cycle. 
These features have appeared in all oscillations observed with our system. The 
voltage trace shown in fig. 4 is exerpted from a 36 h run, during which the 
oscillations were sustained with < 10% change in period or amplitude. 

Reaction-rate oscillations were observed under constant-current (variable- 
temperature) mode of operation as well. Qualitative features of the oscillations 
under constant-current mode were very similar to those observed under the 
constant-resistance mode. In addition, qualitative features of the oscillations 
remain unchanged over a wide range of total gas pressure in the cell (5 × 102 
to 5 )< 10 4 Pa) and average sample temperatures in the 475 to 550 K range. 

During the oscillation cycle shown in fig. 4, 200 infrared spectra were 
collected, each spectrum signal-averaged from 10 scans (requiring 12.5 s per 
spectrum with a 60% duty cycle, i.e. 7.5 s of measurement). Individual spectra 
corresponding to the six points marked in fig. 4 are shown in fig. 5. During the 
early part of the ignited branch in the main cycle (before the minicycles begin 

c__ A 

8 12 16 20 24 28 32 
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Fig. 4. Single oscillation period, shown as sample potential drop ( -  V m ) versus time. Sample was 
maintained at 540 K in 4 × 103 Pa of flowing reaction mixture. 200 spectra were collected during 
the time shown; letters a - f  refer to individual spectra shown in fig. 5. 
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Fig. 5. Individual spectra collected during single oscillation period shown in fig. 4: (a) just after 
transition (spike) to high reaction-rate branch; (b) during dip in minicycle; (c) after dip in 
minicycle, but before transition to low reaction-rate branch; (d) early in low reaction-rate branch; 
(e) later in low reaction-rate branch; (f) just before transition (spike) to high reaction-rate branch. 
Collection time is 12.5 s per spectrum. 

to appear), the adsorbed CO is below the noise level, i.e. the coverage of CO is 
less than 5% of a monolayer (see curve a of fig. 5). Once minicycles begin to 
appear, small amounts of adsorbed CO can be detected during the partially 
quenched segment of the minicycles (curve b). CO could not be detected 
during the high side of the minicycles (curve c). In the quenched segment of the 
main cycle, the absorption due to adsorbed CO rises rapidly at first, then 
continues to increase slowly, reaching a maximum just before the ignition 
occurs (curves d to f). 

From the spectra collected during the oscillation cycle shown in fig. 4, the 
peak frequency, the FWHM and the integrated absorbance of CO linearly 
bonded to platinum, and the integrated absorbance of gas-phase CO 2 were 
calculated and are shown in fig. 6. 

In order to investigate the events occurring on the catalyst surface during 
the ignition period (spike), infrared spectra with only one scan per spectrum 
were collected. These are shown in fig. 7 from which it is clear that the 
adsorbed CO is removed within a few seconds, approximately the same length 
of time it takes for the voltage trace to settle down in the ignited branch (fig. 
3). 
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Fig. 6. Spectral features as a function of time for the oscillation cycle shown in fig. 4: (a) 
Integrated intensity of absorption from gas phase C02; (b) integrated intensity of absorption from 
adsorbed CO (note that minicycles appear toward the end of the low reaction-rate branch); (c) 
bandwidth of absorption from adsorbed CO; (d) frequency of absorption from adsorbed CO. 
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4. Discussion 

In this section, we first discuss the infrared observations in the context of 
previous work. While the main features of the data are in agreement with 
previous work, new features such as the ignition spike help to provide more 
insight into the reaction mechanism. We then review the major oscillation 
models, and critically apply our data to support or dismiss specific points when 
possible. 

4.1. Reaction regimes 

At a fixed feed gas composition and flow rate, as the sample temperature is 
raised slowly, at least three regimes can be identified. At low temperatures, the 
sample is predominantly covered with CO and a very low reaction-rate obtains 
(regime III). At some critical temperature T O (dependent on the gas-phase 
composition, pressure and flow rate), ignition occurs. At temperatures well 
above T 0, a high reaction rate obtains and the surface coverage of CO is 
typically below the noise level for infrared measurement in our system (regime 
I). In a small temperature range around T 0, an oscillatory oxidation of CO 
obtains (regime II). This pattern is in agreement with the results reported by 
Turner et al. [18,20] and Okamoto et al. [26]. 

The voltage trace obtained during the oscillations can be viewed as ap- 

2o4o ~ o  ~eo 21~ =1'2o =I'm 
Frequency/cm "1 

Fig. 7. Spectra collected during reaction ignition (spike). The time resolution is 0.6 s per spectrum. 
Ignition began after spectrum (b) was collected. Adsorbed CO is below the noise level by the time 
spectrum (g) was collected, 3.0 s later. The voltage trace of a spike lasts approximately 5 s. 
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proximately square-wave in shape, except near the transitions. The square-wave 
contains a low reaction-rate branch and a high reaction-rate branch. Our 
infrared results indicate substantial CO coverages during the low reaction-rate 
branch. In the high reaction-rate branch, however, the surface coverage of CO 
is typically below the noise level, except in the partially quenched segment of 
the minicycles where a small surface coverage of CO is detected (see fig. 5, 
curve b). On the basis of the typical levels of adsorbed CO (fig. 6b) and 
gas-phase CO 2 in the reactor (fig. 6a), it is consistent to identify the low and 
the high reaction-rate branches as representative of regimes III and I respec- 
tively, in agreement with the conclusions of previous researchers [18,20,26]. 

4. 2. High reaction-rate branch 

As the level of adsorbed CO in the high reaction-rate branch is typically 
below the noise level (except in the partially quenched segment of the mini- 
cycles), our infrared results do not reveal much information concerning the 
state of the surface during this branch. We believe that the fraction of the 
surface occupied by oxygen (chemisorbed or otherwise) is increasing slowly in 
this branch and that shortly before the transition from the high to the low 
reaction-rate branch of the main cycle, there is a densely packed layer of 
oxygen on the surface. Such a densely packed layer of oxygen could inhibit 
chemisorption of CO, resulting in a slow decay in the reaction rate, and 
eventually giving rise to a transition from the high reaction-rate branch to the 
low reaction-rate branch of the main cycle. 

4. 3. Low reaction-rate branch 

The voltage trace obtained during the oscillation cycle shows that the 
transition from the high to the low reaction-rate branch occurs over several 
seconds duration (fig. 4). This is supported by the gas-phase CO 2 concentration 
measurements (fig. 6a). The surface coverage of CO increases rapidly during 
the transition period and at a much slower rate during the low reaction-rate 
branch. Even though the timescale for increase in CO coverage during the 
transition period is rapid compared to the period of the oscillation, it is still 
very long compared to typical timescales for chemisorption of CO. It is 
difficult to rationalize such a long timescale for the adsorption of CO purely on 
the basis of variation in its sticking probability alone. We therefore suggest 
that a densely packed layer of oxygen is present on the surface shortly before 
the transition from the high to the low reaction-rate branch. 

During the low reaction-rate branch, the changes in the peak frequency at 
which the infrared radiation is absorbed by chemisorbed CO (fig. 6d) and the 
frequency width at half-maximum (fig. 6c) are quite small. These observations, 
along with fig. 6b suggest that the local adsorption environment for the CO 
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does not change substantially during the low reaction-rate branch, while the 
amount of chemisorbed CO increases steadily, i.e. the CO molecules reside on 
the surface in islands. The growth of CO islands would occur at the expense of 
oxygen islands which are slowly removed by reaction at the island boundaries. 

It can be seen from fig. 6a that the CO 2 content in the gas phase increases 
slowly in the low reaction-rate branch. This implies that the rate of the 
oxidation reaction increases slowly in this branch. The surface coverage of CO 
is also increasing slowly in this branch (fig. 6b). It then follows that the low 
reaction rate obtained in this branch is not solely due to a simple blocking of 
the surface by chemisorbed CO. Oxygen, for example, adsorbed or otherwise, 
may play an important role in suppressing the reaction rate. 

4.4. The ignition period 

As the average temperature of the sample remains constant during the 
oscillations, the energy dissipation from the sample to the gas phase and to the 
sample holder through conduction, convection and radiation is approximately 
constant at all times. A portion of the energy dissipated by the sample is 
supplied by resistive heating while the remainder comes from the chemical 
reaction. Treating the low reaction-rate branch as the baseline, it is a straight- 
forward calculation to determine from the voltage trace during ignition (spike) 
the excess thermal energy given to the sample by the reaction occurring on it 
during the ignition process. If it is assumed that the heat of reaction is 
completely transferred to the sample before the product CO 2 desorbs from the 
surface, a lower bound for the number of CO molecules that must have reacted 
during this period can be calculated. Assuming that 7.2 × 1014 CO molecules 
are adsorbed at saturation coverage [40] we obtain that at least 100 monolayers 
of CO must have reacted during the spike shown in fig. 3. The actual number 
of CO molecules that will have reacted on the surface during the spike will be, 
in general, larger than this estimate, as it has been established that only a 
fraction of the heat of reaction is transferred to the sample before the product 
CO 2 desorbs from the surface [41]. It therefore follows that the spike is not 
simply the "burning-off" of a single monolayer of CO. This is in agreement 
with the spectra shown in fig. 7. Here it can be seen that once the ignition 
starts, the CO coverage drops below the noise level in less than 3 s, while the 
spike itself lasts nearly 5 s (fig. 3). It can be seen from fig. 7 that the peak 
frequency remains approximately constant during the spike, while the in- 
tegrated absorption of the peak decreases. This suggests that during the spike, 
the chemisorbed CO originally present on the surface in the low reaction-rate 
branch is being reacted away at island boundaries. Kaul and Wolf [42] propose 
that the ignition represents ~ ~.emporary increase in the efficiency of energy 
transfer from "ho t"  CO 2 molecules to the catalyst surface. The energy calcula- 
tion discussed above does not support this proposal. 
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4. 5. Various hypotheses for the occurrence of oscillations 

The experimental results show two distinct features, namely, the minicycles 
and the main cycle: It follows from simple mathematical arguments that any 
lumped parameter  model describing these results must contain at least three 
dependent variables. The period of the minicycles observed in our experiments 
is in the range of 30 to 90 s, while the residence time of the gases in the reactor 
is in the range of 10 to 30 s. It therefore appears reasonable to argue that one 
of the three key dependent variables is the partial pressure of CO in the reactor 
and that the period of the minicycles is related in some fashion to the residence 
time of the gases in the reactor. The other two key dependent variables must 
reflect conditions at the catalyst surface (for example, the coverages of the 
adsorbates). In order to explain the long period of the main cycle it is essential 
that there be a kinetic rate process taking place on the catalyst surface with a 
characteristic time comparable to the period of the main cycle. Identifying this 
kinetic rate process has been the goal of every experimental study on this topic. 
Several hypotheses for this slow rate process have been proposed in the 
literature. 

Experiments performed with a HgCdTe detector failed to reveal any 
bridge-bonded CO on the surface at any time during the oscillation cycle. It is 
therefore unlikely that the oscillations are caused by a slow reversible process 
in which the chemisorbed CO goes from a linearly-bonded state to a bridge- 
bonded state cyclically, as has been speculated in the past [2]. Several other 
studies dealing with oscillatory oxidation of CO over supported platinum 
catalysts have led to a similar conclusion [22,23]. 

It has been suggested that exposure of platinum to oxygen at high tempera- 
tures may lead to the formation of a subsurface oxide [18,20,31-36]. Once 
formed, this subsurface oxygen would be difficult to remove at lower tempera- 
tures as a result of low diffusity of oxygen in bulk platinum at these tempera- 
tures [34]. It has also been suggested in the literature that the oscillations are 
caused by a slow reversible formation and reduction of such an oxide 
[5,6,18,20,31] and a model based on such a hypothesis has been shown to 
reproduce experimental data quite well [31]. Several studies [37-39] have 
reported that chemisorption of CO on a supported platinum catalyst following 
a high-temperature oxygen treatment gives rise to an infrared absorption 
feature at --2120 cm -1. This absorption feature has been attributed to the 
C=O stretch from CO chemisorbed on platinum oxide. However, an infrared 
absorption feature at --~ 2120 cm -1 was not detected at any time during the 
oscillation cycle. Our results do not, therefore, provide a direct support for the 
cyclic formation and removal of an oxide as an explanation for the observed 
oscillations. 

On the basis of their solid electrolyte potentiometry and transmission 
infrared spectroscopy studies, Okamoto et al. [26] argue that the oscillations 
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are caused by a slow rate process that has an activation energy of 54 kJ /mol .  
They further argue that the most plausible rate process responsible for the 
oscillations is the mobility of chemisorbed CO molecules. Even though the 
inherent ability of the CO molecules to migrate on the catalyst surface is quite 
high at these temperatures, their movement on the surface is likely to be 
severely restricted by the very high total surface coverages present at all times 
during the oscillations. As already discussed, our results strongly suggest that 
nonuniform distributions of carbon monoxide and oxygen (in the form of 
separate islands) exist on the catalyst surface. It is, however, far from obvious 
at this stage whether these nonuniform distributions are the cause or the effect 
of the observed oscillations. Several researchers have attempted to incorporate 
the presence of nonuniform distributions in kinetic models in an effort to 
understand their role in explaining the oscillations [43,44]. No clear picture has 
emerged yet. 

Ertl and co-workers [25,26], on the basis of their video-LEED data and 
work-function measurements, argue that the oscillations are caused by a 
reversible reconstruction of the (100) surface of platinum. Our results cannot 
be used to critically evaluate this hypothesis. Clearly, substantial work, both 
experimental and theoretical, remains to be done before this issue can be 
resolved completely. 

5. Conclusions 

In this paper we have shown that FTIR-RAS can be used advantageously to 
study non-steady-state surface reactions, in particular the oscillatory oxidation 
of CO over Pt. The response time of the instrument used is adequate to study 
all important timescales in the oscillations. Extending the frequency range so 
as to probe all forms of oxygen associated with the surface is clearly important, 
although difficult. The study of the CO vibration alone has allowed us to 
critically evaluate various theoretical models. 

Though no self-contained explanation of the mechanism is available at this 
time, our present results establish several points which we now summarize. The 
pretreatment in oxidizing atmosphere results in a marked uptake of CO upon 
exposure, indicating that some as yet unidentified surface contamination is 
removed. On the now reactive surface, close to 1 monolayer of CO is adsorbed 
linearly in the low reaction-rate branch of the oscillation. There is no evidence 
for bridge bonding. Since the level of CO in the high reaction-rate branch is 
below the noise level (except in the partially quenched segments of the 
minicycles), it is likely that the fraction of surface occupied by oxygen 
(chemisorbed or otherwise) increases in the high reaction-rate branch and that 
there must be a densely packed layer of oxygen on the surface shortly before 
the transition from the high to the low reaction-rate branch of the cycle. In the 
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low reaction-rate branch the CO molecules appear  to reside on the surface by 
forming islands. The growth of  these islands is presumed to occur at the 
expense of  oxygen islands, which are slowly removed by reaction at the island 
boundaries.  In the low reaction-rate branch, the surface coverage of  CO 
increases slowly .and so does the reaction rate. This indicates that the low rate 
of  reaction in this branch cannot  be due only to a simple blocking of  the 
surface by chemisorbed CO. The transition f rom the low to the high reaction- 
rate branch occurs very rapidly. During the ignition process, the chemisorbed 
CO originally present on the surface is being reacted away at island boundaries.  
The ignition process, however, is not  simply the "burn ing-of f '  of  a single 
monolayer  of  CO. 

It  should be stressed that there is so far no  unambiguous  evidence for the 
presence of oxide on the surface during oscillations, al though a mechanism 
based on oxide formation has been widely investigated. Clearly adsorbed 
oxygen is a key element in the oscillation mechanism. A direct probe of this 
oxygen is critical. Our  results with CO and the experimental insights gained 
from this study will help considerably in the s tudy of the interaction of  oxygen 
(and possibly impurities) at the Pt surface. Such a work is under  way. 
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