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Dynamic  reflection infrared spec t roscopy (DRIRS) was used to character ize the adsorbed state 
dynamics  of  CO and NO during adsorpt ion/desorpt ion and the CO/NO reaction on a plat inum foil. 
The adsorbed  states of  CO and NO were character ized by stretching vibrations in the 1400-2100 
cm t range.  A square wave modula ted  reactant  source provided a flux of one species to the surface 
at a p ressure  equivalent  of  10 -7 to 10 5 mBar ,  while the background pressure  of  the other  species  
was independent ly  controlled. Sample tempera tures  were varied from 325 to 500 K. For  CO 
adsorpt ion,  a single IR band was observed  that shifted from 2040 to 2075 cm I with increasing 
coverage.  In the CO adsorpt ion/desorpt ion  exper iments ,  two distinct kinetic regimes were ob- 
served.  At tempera tures  below 420 K, where the CO coverages were high (>50% saturation) 
desorpt ion was character ized by a rate cons tan t  k = 105 e-71OO/Ts 1. When the CO coverage was 
low, cor responding  to the tempera tures  >450 K, the desorpt ion rate cons tan t  was k = 10 t5 
e -  18,°°°/rs- ~. The change in the effective rate cons tant  for CO desorpt ion is suggested to result  from 
repulsive interact ions be tween adsorbed CO molecules.  Two NO absorpt ion bands  were observed  
at 1630 and 1770 cm -I which were attr ibuted to NO absorbed on res t ructured and relaxed Pt 
surfaces .  The combinat ion o f  surface restructuring and NO decomposi t ion precluded the accurate  
determinat ion of  NO desorpt ion kinetics. The presence of NO on the surface increased the rate at 
which CO was removed  from the surface.  The CO and NO reaction on the surface produced a 
m a x i m u m  in the CO turnover  rate dependent  on the reactant  pressure  ratio, coverage,  and tempera-  
ture. Modulat ing the CO pressure  affected the  coverage of NO in both types  of  adsorpt ion sites, 
and modula t ion of the NO pressure  produced modulat ions  in the CO coverage.  Assuming  a uniform 
surface reaction,  the data  for the rate cons tan t  of  CO removal  during the C O / N O  react ion due to 
a CO pressure  modulat ion with cons tan t  NO pressure  or an NO pressure  modulat ion with cons tan t  
CO pressure  were cons is ten t  with the rate-limiting step in the CO/NO reaction being a bimolecular  
surface reaction between adsorbed CO and adsorbed NO. The data were not consis tent  with NO 
dissociat ion being the rate-limiting reaction step. Alternat ive possibilities result ing from react ions 
at surface defects  or  more  complex reaction mechan i sms  could also account  for the data. © 1992 
Academic Press. lnc. 

I N T R O D U C T I O N  

The purpose of this work was to examine 
the processes of adsorption, surface reac- 
tion, and desorption as they occur in the 
reaction between adsorbed CO and NO on 
a platinum foil by monitoring the reactant 
concentrations on the surface with infrared 
spectroscopy. Platinum is used to catalyze 
the reaction 

I Present  address:  Air Products  Corporat ion,  Allen- 
town,  PA. 

0021-9517/92 $5.00 
Copyright © 1992 by Academic Press, Inc. 
All rights of reproduction in any form reserved. 

CO + NO ~ CO2 + ½N2, 

which is an important reaction in automobile 
catalytic converters. Both NO and CO pos- 
sess well characterized infrared absorption 
bands that do not overlap so the adsorption, 
desorption, and reaction kinetics of CO and 
NO on platinum are observable with infra- 
red spectroscopy. 

Reflection infrared spectroscopy (RIRS) 
monitors the infrared absorption of molecu- 
lar vibrations normal to the surface on 
highly reflecting substrates (1). The spec- 
trometer used in this work is a continuous 
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wave apparatus with a prism monochroma- 
tor (2). Electron energy loss spectroscopy 
(EELS) has also provided valuable informa- 
tion about the behavior of surface ad- 
sorbates (3, 4). Optical spectroscopy, as re- 
ported here, is not limited to UHV 
conditions which are necessary for EELS. 
Fourier transform infrared spectroscopy 
has also been extensively used to study ad- 
sorbates on metal surfaces, however, for 
certain dynamic characterizations, there is 
an advantage to the dispersive technique 
used in the studies reported here. For single 
wavelength experiments, continuous wave 
surface IR spectroscopy can collect data on 
a time scale as low as 10-40 msec, though 
an entire spectrum may take a minute to 
acquire. Fourier transform spectroscopy 
has the advantage of collecting complete 
spectra more rapidly than dispersive tech- 
niques; commercially available spectrome- 
ters can collect a spectrum with comparable 
signal to noise in -1  sec. Recently Chabal 
and co-workers have employed a unique 
gating technique with a specially built inter- 
ferometer to achieve - l 0  msec time resolu- 
tion with FTIR for single pulse adsorption 
experiments (5). This is exceptional work, 
but the approach is not easily adapted to 
examine perturbations to steady state kinet- 
ics. A second advantage of the polarization 
modulation technique employed here is the 
optical nulling of the ambient gas phase 
which allows clear and simple separation of 
the gas phase and adsorbed species. 

The adsorption of CO on Pt has been the 
subject of many studies examining the ener- 
getics of adsorption/desorption (6-12), ad- 
sorption sites (13-17), and molecular vibra- 
tions (18-21). In summary, these studies 
have found that CO adsorbs associatively 
on Pt surfaces with a sticking probability of 
near unity (>0.5). The binding energy varies 
from circa 27 kcal/mol on the close-packed 
(111) (8, 9, 10, 12) surface to 36 kcal/mol on 
surfaces with lower Pt atoms coordination, 
such as Pt(100), Pt(ll0), or at defects such 
as steps (6110, 12). On Pt( l l l )  surfaces 
ordered structures are formed with CO oc- 

cupying both 2-fold bridged sites and linear 
on-top sites. Defects, such as steps, inhibit 
long-range ordering precluding adsorption 
in bridged sites; on surfaces without ex- 
tended (l l l) domains little or no bridged- 
bonded CO is observed (10, 12, 14, 15). Re- 
cently, Schweizer et al. (16) were able to 
calculate a potential energy curve linking 
the bridge and on top sites for CO on Pt(111) 
from the relative EELS absorption intensi- 
ties of the two species in the 50-300 K tem- 
perature range. In another EELS experi- 
ment on Pt(111) at low temperature the en- 
ergy differences between the CO bridge and 
on-top sites were determined as a function 
of coverage (4). Some dynamic diffusion ex- 
periments (FT-RIRS) on stepped (111) sur- 
faces at low temperatures and low surface 
coverages have recently reported a diffusion 
activation energy of 4.4 kcal/mol with a pre- 
exponential factor of 8 x 10 9 s e c  -1  (5) .  

Extensive adsorption/desorption studies 
of NO on Pt surfaces have also been carried 
out (22-25). This research includes static 
reflection IR work with NO alone on plati- 
num foils (26-28), EELS and IR studies on 
single crystals (28-38), and even some 
transmission IR with supported platinum 
catalysts (39-41). These studies have indi- 
cated the existence of three different NO 
species: bridge-bonded on (111) planes, on- 
top bonded on (111) planes, and on-top 
bonded to a restructured platinum surface. 
The lack of extended (111) domains has been 
found to inhibit bridge bonding of NO, simi- 
lar to the effect seen with CO. In contrast 
to CO, NO has been observed to dissociate 
on Pt surfaces in UHV when defects such 
as steps are present (38). 

CO and NO reactions on platinum sur- 
faces have received significant attention 
over the past few years due to the large-scale 
use of catalytic converters for automotive 
exhaust control. Vibrational spectroscopy 
focused on CO/NO interactions on platinum 
single crystals (24, 35, 37) and supported 
catalysts (39-42) under static conditions. 
Some of the single crystal work has also 
indicated the presence of surface islanding 
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(36). Other TPD work has shown the Lang- 
muir-Hinshelwood nature of the reaction 
on platinum (111) (43) and the existence of 
unusually rapid reaction characterized as 
"surface explosions" on polycrystalline 
platinum (44), Pt(100) (36), and Pt(410) (37). 
Furthermore, on the (100) surface, reaction 
rate oscillations have been observed 
(45-47). 

The mechanism for the reaction between 
CO and NO is generally agreed to proceed 
by a Langmuir-Hinshelwood mechanism. 
Schmidt and co-workers studied the CO2 
product kinetics of the CO/NO reaction 
over a very broad range of pressures and 
temperatures and suggested that the reac- 
tion could always be described by a Lang- 
muir-Hinshelwood reaction where the rate- 
limiting step was a bimolecular reaction be- 
tween adsorbed CO and adsorbed NO (50). 
Most other studies have suggested that the 
rate-limiting step was the dissociation of NO 
under most conditions (42, 43, 48, 49). When 
excess NO was present the bimolecular re- 
action between CO and NO was proposed 
to be rate limiting (44, 50, 51). On Pt(100) 
the reaction is known to be further compli- 
cated by the surface structural transforma- 
tion between the (5 x 20) "hexagonal" 
structure and the (1 x I) square structure. 
This has been suggested to cause the surface 
explosions (36, 46, 49). 

The reaction mechanism for the CO/NO 
reaction is not well characterized under dy- 
namic reaction conditions. Thus far, the 
vast majority of experimental results have 
been dominated by low pressure and low 
temperature static studies exceedingly far 
removed from practical reaction conditions. 
The work presented in this paper, under dy- 
namic conditions and moderate to high sur- 
face concentrations, considers conditions 
significantly closer to reaction conditions in 
a catalytic converter. 

EXPERIMENTAL 

The experiments consisted of directing a 
modulated gas beam at the sample surface 
with or without other reactant gases in the 
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FIG. 1. Schematic of the scattering chamber. 

background. During the pressure modula- 
tion, the infrared absorption intensities of 
the different adsorbates were recorded as 
a function of time at various wavelengths. 
Experiments were conducted with different 
gas pressures and pressure ratios over a 
range of surface temperatures. 

The reflection infrared system measures 
the infrared absorption intensity of ad- 
sorbed species by monitoring the reflectivity 
difference between radiation polarized nor- 
mal (p) and parallel (s) to the sample surface. 
The specifics of the design and construction 
of the spectrometer used in this study is 
detailed elsewhere (2). The configuration of 
the spectrometer with the modulated molec- 
ular beam system is shown in Fig. 1. The 
polarization modulation technique em- 
ployed in these experiments acts as a 
double-beam spectrometer optically nulling 
the ambient gas phase. The spectrometer 
employed an HgCdTe/InSb sandwich de- 
tector. The HgCdTe detector covered the 
region 1360-1820 cm-~ with a noise level of 
0.05% with a -~50-100 msec response time, 
while the InSb part of the detector covered 
the 1860-4000 cm -~ range with <0.02% 
noise at response times of 10-20 msec. Dy- 
namic experiments were sensitive to cover- 
age changes as low as 0.001 monolayer of 
CO with a time resolution approaching 10 
msec. A disadvantage with the HgCdTe/ 
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InSb sandwich IR detector  was that the 
bridge-bonded CO species at 1850 c m -  1 was 
not detectable because its absorption peak 
fell in the center  of  the dark range of the 
detector .  This was not a problem in the 
present  study as bridge-bonded CO and NO 
have been found to be eliminated by the 
presence  of  steps and other  defects which 
are present  on the foil surface used in this 
work (14, 15). A few experiments were car- 
ried out with a broad band HgCdTe detector  
covering the range 1400-3000 cm-~ and we 
were never  able to detect  an absorption fea- 
ture between 1800-1880 cm 1. The sand- 
wich detector  was used for most  studies be- 
cause of the much greater  sensitivity 
achieved with the InSb detector .  

Samples were polished platinum foils, 15- 
mm square x 0.25-mm thick, cleaned by 
argon sputtering and annealed at 1000 K in 
an ion-pumped vacuum system (Pbase < 1 x 
10 9 mBar). Their  cleanliness was verified 
with X-ray photoelect ron spect roscopy 
prior to transfer to the reaction chamber.  
Before each different temperature  run, the 
foil was sputtered and annealed to provide 
a fresh surface. This preparation procedure  
produced platinum surfaces with low levels 
of  impurities (<  10 atom%), and a nonnegli- 
gible defect  concentrat ion.  The impurities 
were primarily due to adsorption of  CO and 
residual hydrocarbons  adsorbed during the 
time required to obtain an X-ray photoelec- 
tron spectrum. A more accurate measure of  
surface cleanliness was room temperature  
CO adsorption as discussed below. 

For  the molecular  beam experiments the 
sample was transferred to the cryo-cooled 
diffusion pumped reaction chamber  (Pbase = 
1 × 10 -8 mBar),  shown in Fig. 1. The re- 
actants were delivered to the surface 
through a molecular beam source which 
consisted o f a  100-cm 3 gas ballast vessel (not 
shown) connected to a pulsed valve from 
General  Valve Corp. The valve has a l-ram 
orifice and under  computer  control  had a 2- 
msec response time to go fully open. A 
100-mm long differentially pumped stage, 
pumped by a 1751/sec cryot rapped diffusion 

pump, led to a 2-mm ID skimmer positioned 
350 mm from the sample surface. Operating 
the valve with a 50% duty cycle at 0.25 Hz 
with a backing pressure in the ballast of  
1.0-4.0 mBar yielded a 10-7-10 -6 mBar  am- 
plitude square wave pressure profile at the 
sample surface with a characteristic rise and 
fall time constant of  roughly 50 msec as mea- 
sured by a mass spect rometer  placed in the 
sample position. Above 1 Hz the beam flux 
had to be reduced and was not sufficiently 
above the background pressure. At the sam- 
ple, the beam diameter  was approximately 
30 mm, as measured by a mass spectrome- 
ter, assuring nearly uniform exposure  of the 
Pt sample to the modulated beam. Beam 
fluxes were determined from the mass spec- 
t rometer  signal when the ionizer was in the 
position of  the Pt sample. The mass spec- 
t rometer  signal at m/e 28 (CO) and m/e 30 
(NO) were calibrated against known back- 
ground pressures of CO and NO to deter- 
mine the pressure equivalent of the molecu- 
lar beam flux. A constant background gas 
was delivered through a variable leak valve. 
The CO and NO background flow pressures 
used in the NO/CO reaction experiments 
were varied from 1.3 × 10 7 mBar  to 1.3 x 
10 -6 mBar. 

Before beginning the dynamic experi- 
ments the sample at 300 K was exposed to 
CO at 10 -6 mBar to saturate the surface 
with CO. An infrared spectrum was taken to 
determine the CO saturation coverage.  This 
was used in addition to XPS as a measure 
of surface cleanliness, it  also provided a 
normalization factor  for the surface cover-  
ages for kinetic determinations. Small 
amounts of surface carbon contamination 
could reduce the CO saturation coverage by 
up to 20%. CO saturation coverage at room 
temperature  was used as a measure of sur- 
face cleanliness. When the surface coverage 
fell by more than 20% it was deemed neces- 
sary to end the experiments and reclean the 
surface. By normalizing the coverages to 
the saturation coverage at 300 K these varia- 
tions in fractional surface coverages were 
correc ted  for surface contamination. A 
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FIG. 2. Dynamic infrared spectra of  CO adsorption/ 
desorption on Pt foil at 0.25 Hz, 450 K, Pco = 9.3 x 
10 -7 mBar, Pco(O~) = 7.2 × 10 7 mBar. 

second IR spectrum was taken after the dy- 
namic experiment to determine the amount 
of contamination accumulated during the 
experiments. If the saturation coverage of 
CO changed by more than 5% after the dy- 
namic experiments the data was not used 
for kinetic parameter determination. 

Data in the DRIRS mode was taken by 
setting the spectrometer to the infrared fre- 
quency of interest then sampling the IR ab- 
sorption intensity Is - Iv at 15 Hz. Mono- 
chromator entrance slit widths of 0.3 mm 
for the InSb detector and 0.8 mm for the 
HgCdTe detector were used which yielded 
resolutions o f - 8  cm -1 at 2100 cm -j and 
-12  cm -1 at 1600 cm -~. The monochroma- 
tor was calibrated against a polystyrene 
standard and atmospheric CO2. Sixteen 
waveforms were co-added to improve the 
signal to noise. The sample temperatures 
ranged from 325-490 K as measured by a 
thermocouple pushed in contact with the 
sample. 

Full static reflection infrared spectra were 
taken of the adsorbates during the modu- 
lated experiments to obtain the average sur- 
face concentration of adsorbed species over 
a cycle. Spectral scan rates o f - 2  cm l/sec 
were used. Two spectra phase shifted by 
180 ° relative to the modulated gas beam 
were co-added to average out the cyclically 
changing surface coverage. 

RESULTS 

(i) CO A d s o r p t i o n / D e s o r p t i o n  

A typical set of dynamic spectra of CO 
adsorption/desorption at 450 K modulated 
at 0.25 Hz with a CO beam flux correspond- 
ing to 1.65 x 10 6 mBar is shown in Fig. 2, 
while the corresponding averaged spectrum 
is shown in Fig. 3. An important feature 
evident in Fig. 2 is the change in absorption 
as a function of wavelength was not mono- 
tonic with coverage. At infrared frequencies 
above 2058 cm -1 the absorption intensity 
increased as the CO coverage was increas- 
ing, as expected. In contrast the infrared 
absorption decreased with CO coverage at 
infrared frequencies below 2058 cm -1. This 
behavior, where the infrared absorption in- 
tensity changed out-of-phase with the ad- 
sorbate concentration, results from the fre- 
quency of the infrared absorption band 
shifting as a function of adsorbate coverage. 
The CO absorption band shifts to higher fre- 
quency with increasing coverage due to 
dipole-dipole coupling of the CO molecules 
adsorbed on the surface and repulsive inter- 
actions between adsorbed molecules. The 
attenuating effects of the IR peak frequency 
shifting upward can overwhelm the increase 
in total peak amplitude resulting in the out- 
of-phase response of infrared intensity. In 
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F~6. 3. Static infrared spectra of CO adsorption/ 
desorption on Pt foil at 0.25 Hz, 453 K, Pco = 9.3 × 
10 7 mBar, Pco(~O) = 7.2 × 10 -7 mBar. Gaussian fit to 
the data is shown by solid line. 
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addition to causing the absorption to shift 
with coverage, the dipole-dipole coupling 
also reduces the absorption coefficient per 
molecule. 

In order to extract the kinetics of adsorp- 
tion/desorption and/or surface reaction the 
infrared absorption intensity data must be 
translated into surface coverages. The IR 
absorption peaks were very nearly gaussian 
in shape, as indicated in Fig. 3. The inten- 
sity, I, as a function of infrared frequency, 
v, and surface coverage, 0, was approxi- 
mated by a gaussian distribution, 

- A(O) exp (1) 

where A(O) is total integrated absorbance at 
coverage 0, F(0) is the frequency of the ab- 
sorption maximum, and 2.40- is the peak 
width at half maximum. The absorbance per 
molecule for CO on on-top adsorption sites 
is found from the integrated IR absorption 
intensity as a function of coverage. Brad- 
shaw and Hayden have taken very complete 
LEED, thermal desorption, and infrared 
data for the adsorption of CO on Pt( l l l )  
(13). Below ½ monolayer coverage, where 
the adsorbed CO molecules all occupy on- 
top sites, their data may be fit by a power 
law to give the number of adsorbed CO mol- 
ecules in on-top adsorption sites, nco, 
where I(u) dv has units %-cm-J: 

nco = 8.3 × lOll{fI(p) dp} 1"6 molecules/cm 2. 
(2) 

We have obtained limited data correlating 
CO coverage as determined by X-ray photo- 
electron spectroscopy with integrated IR 
absorption on the Pt foil used in the experi- 
ments described here. The coverage deter- 
mination by XPS in our experiments is only 
accurate to - 5  × 1013 molecules/cm 2 as 
there is no independent calibration of cover- 
age, such as LEED. The XPS-IR data agree 
with the power law correlation of Bradshaw 
and Hayden's data up to a CO coverage of 
8.0 × 1014 molecules/cm 2, which was found 
to be the saturation coverage of CO on the 

foil surface at pressures below 10 -5 mBar 
and 300 K. Bradshaw and Hayden found on 
Pt( l l l )  the relationship given above failed 
for coverages >5 x 1014 molecules/cm 2. In 
their experiments at high coverages and low 
temperatures (<150 K) the CO formed or- 
dered islands where strong dipole coupling 
resulted in the integrated absorption inten- 
sity being almost independent of coverage. 
Apparently, in our experiments, at higher 
temperatures and on the less perfect foil 
substrate, adsorbate ordering was less sig- 
nificant. This resulted in the infrared inten- 
sity being more sensitive to surface cover- 
age over a broader range of coverages in the 
experiments reported here. Surface cover- 
ages, 0, reported in this paper are the surface 
coverage normalized by the saturation cov- 
erage at 300 K. Equation (2) was used to 
determine CO coverages from our infrared 
data, which assumes the absorption coeffi- 
cient of CO adsorbed on on-top sites on Pt 
is not dependent on crystal structure, which 
has been suggested by Hayden et al. based 
on studies on stepped Pt surfaces (14). We 
have also assumed the absorption coeffi- 
cient is not affected by co-adsorbates such 
as N, NO, and O. Previously it has been 
observed that co-adsorbates do affect the 
absorption coefficient of CO (52); this is a 
secondary effect and in the absence of quan- 
titative models it was neglected. 

When the surface coverage, 0co, under- 
goes a small perturbation, the infrared ab- 
sorption intensity variation at frequency v 
is given by 

OI(Oco, t) 
Ot 

= i {u  - ~ d-~ dlnA~ dOco 
I ~ dOco + ~ j  dt  ] (3) 

For small modulations in the surface cover- 
age the variation of peak frequency and peak 
amplitude with coverage are nearly con- 
stant. As seen in the data shown in Fig. 
2 there is an absorption frequency, u*, for 
which the intensity variation vanishes (re- 
ferred to as the demodulation frequency). 
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This occurs when the bracketed term in Eq. 
(3) equals zero. One can then show that the 
variation in coverage is given by 

dOco _ d In I / d  In A 
dt at /d--d0~oc o 1 ~-,-_ ~ , (4) 

where d In A/dOco is evaluated at the static 
surface coverage 0co given by Eq. (2) and d 
In Udt is evaluated at the infrared absorption 
frequency 1,. The intensity and coverage 
variations may be expanded in Fourier se- 
ries based on the modulation frequency, oJ, 
of the molecular beam. 

At the fundamental frequency the modu- 
lated coverage variation is related to the 
modulated intensity variation by 

(5) 
0c°(r°) - I0') / dOco ( 

where 7 and 0 are the steady state values of 
the absorption intensity at frequency z, and 
coverage. The modulated coverage varia- 
tion at a given temperature and pressure 
was determined from each of the dynamic 
spectra in a set (as illustrated in Fig. 2) and 
averaged. The quality of the fit of the data 
by the shifting gaussian peak model may 
be assessed by looking at the change in ir 
absorption intensity as a function of infrared 
frequency and time during the desorption 
half cycle, such a comparison is shown in 
Fig. 4. 

During CO adsorption/desorption, when 
the variation in coverage is small, the kinet- 
ics may be linearized around the steady state 
value. Adsorption/desorption may be de- 
scribed by mass action kinetics for adsorp- 
tion onto a lattice (Langmuir model), 

dOco 
dt = ka(1 - 0co)Pco - kdOco, (6) 

where ka and ka are the adsorption and de- 
sorption rate constants respectively. The 
steady state coverage is given by 

Kpc° (7) 
Oco - 1 + K-rico' 

where K = ka/k d is the equilibrium constant 

0.2. fff'~--O.O7s 

.87s "~ 0.1' ~-',~ .~-0 
<__ ~ ',..~=l.STs 

o ................ ~ - -  

-- -o.1. 

Wavenumber (cm-1) 

Fro.  4. Variat ion in infrared abso rp t ion  as g iven  by  
the  shifting Gauss ian  Model  (Eq.  (1)). Modula t ion  fre- 
q u en cy  0.25 Hz,  T = 450 K, rico = 9.3 x 10 .7 mBar ,  
Pco(~O) = 7.2 x 10 -7 m B a r , ~  = 2059.5 cm -1, u* = 

2058 c m -  ~. 

for adsorption and Pco is the average pres- 
sure. The rate constant for desorption, kd, 
may be expressed in terms of the average 
coverage and pressure 0co and Pco the mod- 
ulation frequency o2, and the modulated cov- 
erage and pressure variations, 0co(O)) and 
p(ro). Equation (5) can be rearranged to give 
the rate constant for desorption: 

- O c o l /  " 
(8) 

The rate constant for CO desorption was 
found at different temperatures and pres- 
sures by the following procedure: 

(1) The average coverage of CO, 0co, was 
determined by co-adding two spectra taken 
while modulating the CO pressure. The two 
spectra were gated 180 ° out-of-phase with 
each other relative to modulated beam. 

(2) A series of dynamic spectra were taken 
at eight IR absorption frequencies. The de- 
modulation frequency, v*, was determined. 
The modulated coverage variation was de- 
termined from Eq. (5). 

(3) The rate constant for desorption was 
found from Eq. (8). 

Two recent papers have shown the ob- 
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Temperature Pco Pco(¢o) 0co(T) 

(K) (mBar X 1 0  7)  P C O  0co(300) 
(Eq. (2)) 

Oco(O,) kd 
0co (sec-1) 

(Eq. (6)) (Eq. (10)) 

326 2.2 0.60 0.98 

382 2.2 0.60 0.94 

399 2.2 0.60 0.93 

426 2.2 0.60 0.87 

428 2.2 0.60 0.83 

450 2.2 0.60 0.70 

453 2.2 0.60 0.48 

458 2.2 0.60 0.30 

466 2.2 0.60 0.15 

488 2.2 0.60 0.02 
428 9.3 0.88 0.88 

450 9.3 0.88 0.76 

458 9.3 0.88 0.70 

0.001 4.3 × 10 -4 

0.028 7.3 x 10 -3 
0.048 1.5 x 10 2 

0.093 4.3 x 10 -z 
0.117 4.1 x 10 -2 

0.206 7.7 x 10 -2 

0.216 9.1 x 10 2 

0.240 1.1 x 10 l 

0.341 1.8 x 10 1 

1.914 5.7 x 10 -1 

0.152 3.3 x 10 -2 

0.129 4.3 × I0 -2 

0.473 1.0 x 10 1 

served rate constant for desorption is 
slightly different from the true rate constant 
due to variations of the adsorption and de- 
sorption rate constants with coverage (53, 
54). We have not attempted to correct the 
data for this effect because the corrections 
require detailed information about the rate 
constants as functions of coverage. One 
must have either a quantitative model to 
obtain this information or else extensive 
data as a function of coverage is required. 
Surface coverage is not an independent pa- 
rameter and such data requires data at many 
pressures and temperatures, which are not 
presently available. 

The experimental results for CO adsorp- 
tion/desorption with the CO beam modu- 
lated at 0.25 Hz are summarized in Table 1. 
At each experimental condition of tempera- 
ture and average CO pressure, Pco, we re- 
port the modulated pressure variation, the 
average CO surface coverage normalized to 
saturation, the normalized CO coverage 
variation and the apparent first order rate 
constant for desorption. An Arrhenius plot 
of the rate constant for desorption, shown 
in Fig. 5, revealed that the activation energy 
for desorption and the pre-exponential fac- 
tor changed dramatically from 488 to 325 K. 

At the higher sample temperatures the data 
was fit by an activation energy was 36 kcal/ 
mole with a pre-exponential factor of 1015 
sec-~, which agree well with the results of 
previous investigators (6-9). At the low sur- 
face temperatures the apparent activation 
energy was 14 kcal/mol, and the pre-expo- 
nential factor 105 sec -1. We believe this 
change in kinetic parameters for desorption 
results from repulsive interactions between 
adsorbed CO molecules, which reduces the 
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FIG. 5. Isobaric Arrhenius plot of kd for CO de- 
sorption. Pco = 2.2 x 10 -7 mBar. Dashed line is for 
noninteracting adsorbates, ka = 1015 e -18'°°°/T sec -I.  

Solid line is for quasi-chemical approximation with 6 

nearest neighbors and repulsive interaction energy of 
1.5 kcal/mol and k d = 1015 e -18'°°°/r sec 1. 
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FIG. 6. Static ir spectra of NO adsorbed on Pt foil at 
330 K. (a) Pyo = 1.3 x 10 -6  mBar; (b) Pyo = t.3 × 
10 : mBar. 

adsorpt ion energy with increasing CO cov- 
erage. 

(ii) NO Adsorption/Desorption 

The adsorpt ion/desorpt ion  of  NO could 
not be studied quanti tat ively by following 
the dynamic  behavior  of  the NO IR absorp-  
tion bands.  N O  decomposed  above  400 K 
to adsorbed oxygen and nitrogen. X-ray 
photoelec t ron spectra  of  the surface after 
exposure  to N O  be tween  400 and 500 K 
showed the buildup of  surface oxygen,  and 
in the absence  of hydrogen or CO to react 
with surface oxygen,  the oxygen remained 
adsorbed to above  700 K. The slow buildup 
of adsorbed atomic species caused the sur- 
face to change;  we were  unable to reproduce 
surface conditions at different tempera tures  
and beam pressures .  Previous IR studies of  
NO adsorbed on Pt also showed the peaks  
changed nonrevers ibly  when the tempera-  
ture was cycled be tween 400-500 K,  pre- 
sumably due to surface reconstruct ion and 
NO decomposi t ion  (26-28). 

Static IR spectra  of  NO adsorbed on the 
Pt foil were obtained at 330 K, below the 
t empera ture  for NO dissociation. Figure 6 
show the spectra  taken at NO pressures  of  
1.3 x 10 -6  mBar  and 1.3 x 10 -2 mBar.  
These  spect ra  are noisier than the CO spec- 
tra. They  were  taken with the HgCdTe  de- 

tector,  which has a poorer  response  than the 
InSb detector  used above  1850 c m - l ;  the 
absorpt ion coefficient of  N O  adsorbed  is 
also weaker  than that of  CO. At the lower  
NO pressure two IR absorpt ion bands were  
observed  of nearly equal intensity at 1630 
and 1770 c m -  1. Increasing the NO pressure  
reduced the intensity of  the IR band at 1630 
c m - I  and increased the intensity of  the IR 
band at 1770 cm-1.  The total integrated in- 
frared intensity in the two bands remained 
nearly constant  with the increased pressure .  

NO absorpt ion bands at similar frequen- 
cies to those repor ted here have been ob- 
served on Pt foils, Pt(100) and Pt(110). Both 
bands are attr ibuted to on-top adsorpt ion 
with the NO axis tilted relative to the surface 
(29, 34). The band 1630 cm -1 was observed  
for low tempera ture  adsorpt ion and was at- 
tributed to adsorption on res t ructured Pt 
surfaces (34). As the tempera ture  was raised 
the surface structure was assumed to relax 
and the NO band is observed  at 1770 cm - l .  
The data repor ted here suggest that  in- 
creased NO pressures  can also induce the 
relaxation of the surface reconstruct ion.  

The surface coverage  of  NO was esti- 
mated f rom the integrated IR intensities. It  
was assumed that the absorpt ion coeffi- 
cients of  NO for the both bands were the 
same and equal to the value obtained by 
Hayden  on Pt(111) (30). H a y d e n ' s  data  for 
the concentrat ion of  adsorbed NO,  nNo, can 
be fit by a power  law correlation,  

nNO = 1.5 × 1013{f/(v)dr} TM 

molecules /cm 2, (9) 

where l(v) dv has units %-cm-1.  Equat ion 
(9) assumes that the NO absorpt ion coeffi- 
cients are independent  of  adsorpt ion site 
and surface coverage.  This assumpt ion  im- 
plies that the NO surface coverage  at 300 K 
did not change be tween 10-6 and 10 2 mBar ,  
suggesting the surface was saturated,  and 
the changes in the IR spectra  were  due to 
reconstruct ion of  the surface. The NO sur- 
face coverage  at 300 K and 10 -6 mBar  was 
assumed to be saturation coverage  and NO 
surface coverages  were  normalized to that 
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coverage. XPS was also used as an indepen- 
dent calibration of the NO surface coverage. 
The IR and XPS results agreed to 1 x 10 TM 

molecules/cm 2, which is an error of 0.05 
monolayer in the coverage determination of 
NO. 

The complexities of NO decomposition 
and adsorbate induced reconstruction re- 
sulted in very complex dynamic IR spectra. 
The IR band at 1770 cm -1 showed simple 
behavior, the absorption intensity increased 
at all frequencies with increased NO cover- 
age. In-phase and out-of-phase responses 
were observed for the infrared band circa 
1630 cm- 1 and may indicate dipole coupling 
or could result from more complex surface 
processes. At this time we are unable to 
provide a reasonable model to account for 
the dynamic NO spectra. Our primary inter- 
est in the NO spectra was to estimate the 
NO surface coverage during the CO/NO re- 
action. 

(iii) The CO~NO Reaction 

The reaction of CO and NO on Pt was 
examined by maintaining a constant back- 
ground pressure of 10-7-10  6 mBar of one 
gas while the pressure of the other gas was 
modulated. Within the experimental con- 
straints of keeping the total pressure less 
than 1 x 10 .5 mBar (to avoid overloading 
the pumping system), and having a mini- 
mum beam flux of - 1  x 10 7 mBar (to be 
substantially above the background pres- 
sure), our studies were restricted to temper- 
atures 430 < T < 470 K. Under these condi- 
tions both CO and NO were adsorbed at 
measurable surface concentrations to per- 
mit the dynamics of their surface coverages 
to be followed with R!RS. At temperatures 
below 430 K the surface coverages dimin- 
ished with time due to adsorbed oxygen and 
nitrogen from NO decomposition. Surface 
contamination due to NO decomposition 
was less severe when CO was coadsorbed 
with NO. Adsorbed CO apparently facili- 
tated nitrogen atom recombination on the 
surface and reacted with adsorbed oxygen 
to help keep the surface clean. 

The experiments for the CO/NO reaction 
were identical to those for CO and NO ad- 
sorption/desorption. Averaged CO and NO 
spectra were taken by co-adding two spectra 
phase shifted by 180 ° relative to the modu- 
lated beam. Dynamic spectra were taken at 
a series of frequencies for both CO and NO. 
The average CO and NO surface concentra- 
tions were determined from the integrated 
intensity of the averaged spectra through 
the use of Eqs. (2) and (9). The modulated 
CO coverage variation was determined 
through the application of Eq. (5) to the 
modulated IR absorption intensity. The ap- 
plication of Eqs. (2) and (9) to determine the 
coverages of CO and NO assumes that the 
presence of NO did not affect the absorption 
coefficient of adsorbed CO and vice versa. 
Vibrational coupling between NO and CO 
is negligible so the primary effect of the co- 
adsorbates is disruption of islanding. As was 
pointed out above, the higher temperatures 
used in these experiments on a foil surface 
minimized the effect of islanding so the in- 
frared absorption intensity was able to give a 
reasonable measure of adsorbate coverages 
over the entire range of surface coverages. 

For a steady NO pressure and a modu- 
lated CO pressure an effective first order 
rate constant for the removal of CO from 
the surface was obtained through the appli- 
cation of Eq. (10) to the CO coverage modu- 
lation: 

\0(cO)~co/ 

- (1  - 0 y 0 - - 0 c o /  J " (10)  

We were unable to obtain quantitative re- 
suits for the NO dynamic spectra because 
the complexity of the NO absorption peaks 
inhibited the correlation of intensity modu- 
lation to coverage modulation. 

NO adsorbed on the surface enhanced the 
rate of CO removal from the surface. Figure 
7 shows the static IR spectra of adsorbed 
CO with and without a background flux of 
NO. Superimposed on the static spectra are 
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FlG. 7. Static spectra of CO at 428 K (solid lines), CO 
pressure modulated at 0.25 Hz, with the IR absorption 
intensity modulations superimposed (dashed lines). 
Pco = 9.3 × 10 -7 mBar;Pco(OJ) = 7.2 × 10 -7 mBar. 
(a) py o = 0 m B a r ; ( b ) ~ y o  = 2.7 x 10 -6 mBar. 

the modulated intensity variations when the 
CO pressure was modulated. The increased 
coverage modulation when NO was present 
is apparent in the larger IR intensity modula- 
tions. As the modulation amplitude is pro- 
portional to the reaction rate the rate of CO 
removal is increased by more than a factor 
of 4 when NO was present. 

Modulation of the CO pressure resulted 
in the modulation of the NO surface cover- 
age as well. With a constant NO pressure 
and a modulated CO beam, the NO infrared 
absorption at 1631 and 1794 cm-1 decreased 
when the CO pressure increased due to the 
CO/NO reaction. Table 2 summarizes and 
compares the effective rate constant for CO 
removal from the surface for the conditions 
of (i) modulated CO pressure and (ii) modu- 
lated CO pressure with an NO background. 
In all cases the rate of CO removal from the 
surface increased due to coadsorbed NO. 
Under the conditions studied the effective 
first order rate constant for CO removal in- 
creased by a factor of 3 to 7. The normalized 
CO and NO surface coverages at the reac- 
tion conditions are also summarized in Ta- 
ble 2. 

When the roles of NO and CO were re- 
versed, providing a constant CO pressure 
and a modulated NO pressure the CO cover- 
ages variations increased as indicated by the 
dynamic spectra shown in Fig. 8. When the 

NO pressure is modulated and the CO pres- 
sure is held constant, there is no simple ex- 
pression for the effective rate constant of 
CO removal from the surface. We discuss 
below the use of this data to extract rate 
constants for the CO/NO reaction based on 
different reaction mechanisms. 

DISCUSSION 

Molecular beam techniques permit one to 
measure steady state reaction kinetics with- 
out complications of transport limitations in 
the gas phase. Modulated beams give im- 
proved signal discrimination permitting re- 
active scattering to be distinguished from 
elastic scattering. The reaction product re- 
sponse can provide information about the 
reaction mechanism and reaction kinetics. 
The reader is referred to reviews by Olander 
and co-workers (55), D'Evelyn and Madix 
(56), and Chang and Weinberg (57) for ex- 
perimental details and methods of analysis. 
Until recently, these modulated beam stud- 
ies have been limited to low surface cover- 
ages (see, for example, Refs. (6-9, 58)). At 
these conditions the reaction product re- 
sponse frequently results from reactions at 
defects rather than an average for the sur- 
face (58). Furthermore, the effects of ad- 
sorbate-adsorbate interactions cannot be 
addressed. 

The unique aspect of the experiments de- 
scribed here is the direct observation of sur- 
face coverages and reaction kinetics over 
a broad range of surface coverages using 
modulated molecular beams. Recently, Si- 
bener and co-workers introduced a three- 
beam technique to study kinetics of surface 
reactions at moderate surface coverages 
(54, 59, 60). In their work, He scattering 
was used to characterize the coverage of 
adsorbed CO during CO adsorption/desorp- 
tion (54). This is a promising development 
but is difficult to implement with co-ad- 
sorbed reactants. We have chosen to follow 
surface coverages directly with infrared 
spectroscopy. This has the advantage of be- 
ing able to follow the surface coverage of 
different species in a reaction system unam- 
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TABLE 2 

CO Removal Kinetics with CO/NO Coadsorption 
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Temperature Pco 
(K) (mBar X 107) 

PCO(~°) PNO 0CO(T) ONO(T) 0CO(¢°) kd 
Pco (mBar X 107)  0co(300) 0co(300) 0co (sec-l) 

(Eq. (2)) (Eq. (11)) (Eq. (6)) (Eq. (10)) 

428 2.2 
428 2.2 
428 9.3 
428 9.3 
450 2.2 
450 2.2 
450 9.3 
450 9.3 
458 2.2 
458 2.2 
458 9.3 
458 9.3 

0.60 0.0 0.83 0.0 0.117 4.1 x 10 z 

0.60 27.0 0.20 0.40 0.353 1.7 x 10 1 

0.88 0.0 0.88 0.0 0.152 3.3 × 10 -2 

0.88 27.0 0.24 0.24 0.378 1.8 x 10 -1 

0.60 0.0 0.70 0.0 0.206 7.7 x 10 -2 

0.60 27.0 0.078 0.45 0.512 2.3 × 10 -~ 
0.88 0.0 0.76 0.0 0.129 4.3 x 10 -2 

0.88 27.0 0.18 0.29 0.702 2.4 x 10 - l  

0.60 0.0 0.30 0.0 0.240 1.1 × 10 - l  

0.60 27.0 0.014 0.31 0.753 3.0 x 10 -1 

0.88 0.0 0.70 0.0 0.473 1.0 x 10 -1 

0.88 27.0 0.071 0.25 1.958 4.1 x 10 -1 

biguously. The major limitation with our 
present experimental configuration is that 
we are unable to monitor the gas phase reac- 
tion product,  so the rates of  reaction are 
based on the rates of  removal  of species 
from the surface. Other difficulties with the 
infrared technique are the n~)nlinear absorp- 
tion coefficient and peak shifts with cover- 
age and the effect of  co-adsorbates on the 
absorption coefficient. However ,  vibra- 
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FIG. 8. Dynamic infrared spectra of CO at 465 K due 
to CO/NO reaction with steady CO pressure, Pco = 
1.3 x 10 6 mBar, and NO pressure modulated at 0.25 
Hz, PNO = 1.2 X 10 -6 mBar, PNo(W) = 0.9 x 10 6 
mBar. 

tional spectroscopies are far superior to any 
other technique for identifying different sur- 
face species unambiguously. Furthermore,  
infrared spectroscopy does not require 
UHV to operate, which makes it potentially 
more robust than electron spectroscopies.  
The studies reported here are at pressures 
several orders of magnitude greater than 
typical UHV conditions (P < 10 -9 mBar), 
and the pressure limitations in these studies 
resulted from vacuum pumping and not the 
spectroscopy. Discussed below are the new 
findings from this study concerning the ki- 
netics of  CO desorption as a function of  
surface coverage and the kinetics of  the CO/ 
NO reaction. 

(i) CO Adsorption/Desorption 

The kinetics of CO adsorption and de- 
sorption on Pt has been extensively studied 
(6-12). At low coverages the desorption of  
CO is characterized by a simple first-order 
process with a pre-exponential factor of  
- 1 0  ~5 sec i and an activation energy of  36 
kcal/mol from surfaces with defects such 
as steps (6-10, 12). The kinetic parameters 
obtained here at temperatures >460 K, 
where the surface coverages are <½ satura- 
tion, agree well with those findings. How- 
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ever, at lower temperatures, where the sur- 
face coverage is high, the Arrhenius plot 
(Fig. 5) shows that the rate constant does not 
drop off as expected. Instead, the activation 
energy and pre-exponential factor for CO 
desorption both decreased. The apparent 
change in the kinetic parameters could be 
explained in terms of parallel desorption 
paths characterized by two different rate 
constants. 

CO(g) 
k~ = 1015 e-lS'°°°/r see 

CO(a) 
k 2 = 105 e-VlOO/T s e c - I  

CO(g). 

This explanation does not seem reasonable 
as the infrared spectra show only a single 
infrared absorption band suggesting that 
only a single type of adsorbed CO exists. 

A more reasonable alternative for the 
change in rate is that repulsive adsor- 
bate-adsorbate interactions cause the rate 
of desorption to increase with increasing 
coverage. Repulsive interactions have been 
shown to account for decreases in the heat 
of adsorption with increasing adsorbate cov- 
erage (61-63) and for increased rates of de- 
sorption in thermal desorption (64-66). In- 
frared studies and thermal desorption 
results both indicate that CO molecules ad- 
sorbed in nearest neighbor sites on Pt are 
repulsive (10-13). 

The effect of repulsive nearest neighbor 
interactions on the desorption rate can be 
estimated with the quasi-chemical approxi- 
mation (65-67). 

We have calculated the isobaric desorp- 
tion rate of CO as a function of temperature 
corresponding to our experimental parame- 
ters using the quasi-chemical approxima- 
tion. Figure 5 shows the experimental data 
plotted with two lines, the dashed line corre- 
sponds to no interaction between adsorbed 
species, and the solid line corresponds to an 
interaction energy of 1.5 kcal/mol (4% of the 
adsorption energy). The model shows that 
repulsive interactions increase the desorp- 

tion rate relative to the desorption rate with 
no interactions. As temperature decreases 
at constant pressure the desorption rate in- 
crease was enhanced due to increasing cov- 
erage. 

The quasi-chemical model predicts quali- 
tatively the proper trends in the data, indi- 
cating a decrease in the apparent activation 
energy and pre-exponential factor at as 
temperature decreased at constant pres- 
sure. We were unable to get quantitative 
agreement without treating pressure as an 
independent parameter. One might suspect 
that increasing the interaction energy, w, 
would improve the fit to the data. This is not 
so. Increasing the interaction energy above 
1.5 kcal/mol causes the apparent rate con- 
stant to approach the rate constant with no 
interactions. As the repulsive interactions 
increase they preclude adsorption in nearest 
neighbor sites at a fixed pressure, so the 
coverage saturates with no nearest neighbor 
sites occupied. With no nearest neighbor 
sites occupied the repulsive interactions do 
not affect the rate of desorption. The experi- 
mental data may be better fit by models that 
account for interactions beyond the nearest 
neighbor. IR data shows that CO dipoles 
interact resulting in a frequency shift of the 
absorption peak. Dipole interactions are 
long range and a model that only considers 
nearest neighbor interactions is not ex- 
pected to be quantitative. Recently, Pe- 
terson and Kevan have expanded a virial 
approximation for a lattice gas that can ac- 
count for longer range adsorbate-adsorbate 
interactions (70). This is a simpler alterna- 
tive to the renormalization group approxi- 
mations of which the quasi-chemical ap- 
proximation is a simple case. The virial 
expansions do not converge rapidly (68) so 
this approach works best at low surface cov- 
erages, where Peterson and Kevan applied 
this approach (70). 

It is also possible to extract adsorption 
rate constants for the CO adsorption/de- 
sorption data. Most frequently, adsorption 
studies report a sticking probability, which 
is the fraction of incident molecules that ad- 
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FIG.  9. I s o b a r i c  s t i c k i n g  c o e f f i c i e n t  o f  C O  as  a f u n c -  

t ion  o f  t e m p e r a t u r e . . O c o  = 2 .2  x 10 -7 m B a r ;  Pco(~O) = 
1.3 x 10 -7 m B a r .  

sorb on a surface. The sticking probability, 
S(O), is given by, 

Sco(0) - kd_ -0c° .  (11) 
Pco 

The isobaric sticking probabili ty determined 
from the data summarized in Table 1 are 
plotted as a function of  temperature  in Fig. 
9. The sticking probability is nearly constant 
for 488 > T > 430 K, where the surface 
concentrat ion is less than 70% saturation. 
This is consistent with a mobile precursor  
for CO adsorption, which has been sug- 
gested by a number  of  previous studies 
(5-11). The data also suggest the low cover- 
age sticking probability is not very  tempera- 
ture sensitive. At temperatures  T < 400 K, 
where the surface coverages approach satu- 
ration the sticking probability drop off. The 
limited data indicate the sticking probability 
decreases  more rapidly than (1 - 0) at low 
temperatures/high coverages,  suggesting 
the repulsive interactions affect the sticking 
probability. 

(ii) CO~NO Surface Reaction 

A number  of  investigations of  the CO/ 
NO reaction have been carried out. Most of  
these studies have found the reaction to be 
first order  in NO pressure and negative or- 
der in CO (42-51). Based on these findings 
most  investigators concluded that NO disso- 

ciation (step 3 below) was the rate limiting 
step in the CO/NO reaction to C O  2 and N 2 . 

CO(g) + *  1 >CO* 

NO(g) + * 2 ) N O *  

NO* + * 3 ) N* + O* 

CO* + NO* 4 > CO2(g ) + N* + * 

, 5 2 *  2N ~ N2(g) + 

CO* q- 0*  6 > CO2(g ) + 2*. 

However ,  Klein et al. (50) carried out exten- 
sive studies varying pressure over  eight or- 
ders of magnitude, temperature  variations 
over  800 K and CO/NO ratios from 0.0005 to 
100 and suggested that the rate was always 
consistent with a bimolecular surface reac- 
tion (step 4 above) being rate limiting. Our 
experimental  results for the coverage varia- 
tions during the CO/NO reaction further 
support the idea of  the bimolecular reaction 
being rate limiting. 

The data given in Table 2 show that the 
rate of CO removal from the surface is 3-7 
times greater due to the CO/NO reaction 
than due to CO desorption. If  CO and NO 
removal from the surface is assumed to only 
result from the CO/NO reaction, r, one can 
write expressions for the coverage changes 
of CO and NO: 

dOco 
- kaPco(1 - Oco - ONO) -- r (12a) 

dt 

dONo 
- kaPNo(l - 0co - 0NO) -- r. (12b) 

dt 

In Eqs. (12) the desorption of CO and NO 
have been neglected relative to the reaction 
of CO and NO. It is possible that the en- 
hanced rate of CO removal from the surface 
was due to repulsive interactions between 
CO and NO, causing the CO desorption rate 
to increase. The kinetics of CO removal  in 
this instance would be similar to the bimo- 
lecular reaction case (reaction step 4 above). 
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T A B L E  3 

C O / N O  R e a c t i o n  K i n e t i c s  f o r  M o d u l a t e d  M o l e c u l a r  B e a m  E x p e r i m e n t s  

Rate- l imi t ing  s tep N O  Dissoc ia t ion  B imo lecu l a r  r eac t ion  

Ra t e  o f  su r face  r = k,0No(l - 0co Oyo) r - k, OcoONo 
r eac t ion  

C O  c o v e r a g e  
m odu la t i on  

PNo c o n s t a n t  
Pco  m o d u l a t e d  Oco(°J) = 

k,0NoPco(Co)(l - 0co 0No) 

COPco 

PNO m o d u l a t e d  (K,/°J)2( l - 0co - ONo)2ONoPNo(W) 
PCO c o n s t a n t  0co(W) = 

~/1 - (kjco)-'(1 0co - 0r~o) z~No 

D r  co,+ +, 

( k , / ~ ) 2 0 c o ( 1  - O c o ( l  - Oco)ONoOcoPNo(~)/ 

The background gas composition during the 
experiments was checked by mass spectros- 
copy and the CO2 pressure increased during 
the CO/NO reaction experiments, indicat- 
ing that at least a portion of the CO removal 
was due to the CO/NO reaction; however, 
we cannot quantify the fraction of CO oxi- 
dized to CO2 with our current experimental 
configuration. 

Table 3 summarizes the rate of reaction 
and the functional form for the amplitude 
of the modulated CO coverage for the two 
possibilities of NO dissociation or a bimo- 
lecular reaction between NO and CO being 
rate limiting. In the expressions for CO cov- 
erage modulation, 0co(CO), everything is 
known except the rate constant for the sur- 
face reaction. The rate constants for the two 
different mechanisms and all the different 
data sets were evaluated and are presented 
in Tables 4 and 5. 

In the experiments where the CO pressure 
is modulated and the NO pressure is con- 
stant (Table 4), the experimental data for the 
rate constants are only consistent with the 
bimolecular reaction mechanism. The rate 
constants kbimol are mutually consistent at 

different levels of CO modulation and they 
also increase with increasing temperature as 
expected. The rate constants based on NO 
dissociation being rate-limiting are not con- 
stant for different levels of CO modulation 
and they do not vary with temperature. 
These consistency checks on the rate con- 
stant suggest that the rate-limiting step dur- 
ing the CO modulation experiments is the 
bimolecular surface reaction between NO 
and CO. It should be reiterated here that CO 
displacement by NO will give qualitatively 
the same response as a bimolecular CO/NO 
reaction. The data cannot rule out the possi- 
bility of NO dissociation being rate-limiting 
for CO oxidation, but the oxidation reaction 
occurs at a lesser rate than CO dis- 
placement. 

The NO modulation experiments are very 
revealing concerning the reaction mecha- 
nism. When NO dissociation is rate-lim- 
iting, the CO coverage modulation ampli- 
tude, given by the expression in Table 3, 
always decreases with increasing CO cov- 
erage, 0co, and hence with increasing CO 
pressure. This is contrary to the data at 465 
K, where the rate increased with increasing 
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TABLE 4 

CO/NO Reaction Kinetics with CO Pressure Modulation" 
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Temperature Pco Pco(o) 0co(T) ONo(T) 
(K) (mBar × 107) Pco 0co(300) 0co(300) 

0co(~O) 
0co 

kdis b kbimol c 

428 2.2 0.60 0.20 0.40 0.353 0.18 
428 9.3 0.88 0.24 0.24 0.378 0.21 
450 2.2 0.60 0.078 0.45 0.512 0.08 
450 9.3 0.88 0.18 0.29 0.702 0.23 
458 2.2 0.60 0.014 0.31 0.753 0.03 
458 9.3 0.88 0.071 0.25 1.958 0.23 

0.68 
0.69 
1.29 
1.26 
6.70 
6.25 

Constant NO pressure of 2.7 × 10 -6 mBar. 
b Rate constant for NO dissociation being rate-limiting. 
c Rate constant for bimolecular reaction between CO and NO being rate-limiting. 

CO pressure (see Table 5), indicating NO 
dissociation cannot be rate-limiting under 
those reaction conditions. In contrast, if the 
bimolecular reaction is rate-limiting, the CO 
coverage modulation will decrease with in- 
creasing CO pressure when the total cov- 
erage, 0co + 0No, is high (corresponding to 
lower temperatures), and will increasing 
with increasing CO pressure when the total 
coverage is low (corresponding to higher 
temperatures). These trends in the CO cov- 
erage modulations are consistent with the 
experimental results. 

The rate constants for the bimolecular re- 

actions are also mutually consistent for the 
NO modulation experiments at different CO 
pressures, whereas the rate constants for 
NO dissociation being rate-limiting are in- 
consistent. Lastly, the rate constants for the 
bimolecular rate constants are self consis- 
tent as a function of temperature for the 
combined experimental data sets of either 
NO modulation or CO modulation. Under 
all conditions studied here, the data are con- 
sistent with the bimolecular reaction be- 
tween adsorbed CO and adsorbed NO being 
the rate-limiting step in the CO/NO reac- 
tion, consistent with the previous work or 

TABLE 5 

CO/NO Reaction Kinetics with NO Pressure Modulation 

Temperature Pco P~o(O)) ~ 0co(T) ONo(T) 0co(~o) kdis • kbimol c 
(K) (mBar N 107) PNO 0co(300) 0co(300) Oco 

435 1.3 0.78 0.25 0.47 0.242 0.14 0.35 
435 6.6 0.78 0.40 0.24 0.151 0.21 0.42 
435 13.0 0.78 0.51 0.10 0.057 0.22 0.36 
450 1.3 0.78 0.15 0.37 0.255 0.07 1.40 
450 6.6 0.78 0.37 0.18 0.225 0.30 1.33 
450 13.0 0.78 0.43 0.08 0.103 0.32 1.32 
465 1.3 0.78 0.053 0.36 0.257 0.02 7.45 
465 6.6 0.78 0.23 0.10 0.285 0.27 8.03 
465 13.0 0.78 0.40 0.09 0.417 0.90 9.07 

apN o = 1.2 × 10 6 mBar. 
b Rate constant for NO dissociation being rate-limiting. 
c Rate constant for bimolecular reaction between CO and NO being rate-limiting. 
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Klein et  al. (50). Of course  one cannot  p rove  
a react ion mechanism from the react ion ki- 
netics. I t  is only possible to say that the data 
are consis tent  with the bimolecular  reaction 
mechanism and are not consistent  with the 
NO dissociat ion mechanism.  

There  are many  possible react ion mecha-  
nisms which we have not fully explored for 
consis tency with the data. N20 has been 
suggested as an intermediate in the reaction 
(71, 72); the kinetic response  for this mecha-  
nism would be similar to the bimolecular  CO 
+ NO reaction presented above.  Another  
al ternative is that step 6 in the mechanism 
given above  could be rate-limiting. This 
would result in a low NO steady state cover-  
age and no coupling of  the modulated CO 
coverage  with NO modulat ion,  which is in- 
consistent  with the exper imenta l  results. All 
these analyses assume a uniform surface re- 
action, all these conclusions would be in- 
valid if the react ions occur  at defects and 
different defect  sites cata lyze different reac- 
tions. It is the nature of  nature of  kinetics 
exper iments  that one can identify mecha-  
nisms consistent  with the data, but the data 
cannot  prove  a react ion mechanism.  

We have not tried to extract  activation 
energies and pre-exponent ial  factors for the 
C O / N O  react ion f rom our data. The data 
are over  a limited tempera ture  range and 
the surface coverages  of  NO are not very 
accurate  so the errors  would be too great 
to make them meaningful.  Fur thermore ,  we 
suspect  adso rba t e - adso rba t e  interactions,  
as observed  with CO adsorpt ion/desorp-  
tion, to be important  below 450 K. The ad- 
so rba t e - adso rba t e  interactions would gen- 
erally cause the reaction rate to be greater  
than expected  at high surface coverages  due 
to weaker  adsorpt ion bonds for the ad- 
sorbates ,  a hypothesis  that is consistent  
with the data. 

Finally, it should be noted that our data 
showed no evidence for rate oscillations in 
the C O / N O  reaction as have been observed 
in other  studies (46-49).  The paramete r  
space explored here did not encompass  con- 
ditions where  oscillations have been ob- 

served in other studies so we did not expec t  
to see any oscillations. 

CONCLUSIONS 

This work has demons t ra ted  the utility 
of  dynamic reflection infrared spec t roscopy  
to elucidate the mechanism and kinetics of  
surface reactions.  The isobaric kinetics of  
CO adsorpt ion/desorpt ion changed as a 
function of temperature .  The desorpt ion 
rate constant  changed f rom kd = 1015 

e -  18~000/T see -  ~ at higher tempera tures  
where the surface coverages  were less than 
1 saturation to kd = 105 e -7°°°IT sec -1 
at lower tempera tures  where  the surface 
coverage approached saturation coverage.  
Decreases  in both the act ivat ion energy 
and preexponential  factor  for desorpt ion 
were attributed to repulsive a d s o r b a t e -  
adsorbate  interactions. 

The dynamic infrared technique indicated 
that the rate of  CO removal  during the CO/  
NO reaction was not consis tent  with the 
dissociation of NO being the rate-limiting 
step but was consistent  with a bimolecular  
reaction between adsorbed CO and ad- 
sorbed NO. This was shown under  condi- 
tions of  428 < T < 465 K, pressures  of  10 -6  

mBar,  CO/NO stoichiometries of  0.1 to 2, 
and was independent  of  which gas pressure  
was modulated.  

This work demonst ra tes  the utility of  in- 
frared spec t roscopy to s tudy the kinetics of  
surface reactions at modera te  surface cover-  
ages where adso rba t e - adso rba t e  interac- 
tions are important.  Direct  monitoring of  the 
coverages  of  surface species gives kinetics 
representat ive of  the average  for the surface 
and not dominated by a small fract ion of  
defect  sites on the surface. Ideally one 
would like to have more extensive data as a 
function of gas-phase pressure  and surface 
temperature .  As more  extensive data are 
obtained the data can be t ransformed into 
isosteric (constant coverage)  react ion rates 
that are easier  to understand and interpret.  
Unfor tunate ly  surface coverage  is not an 
independent  pa ramete r  and is determined 
by the pressure and temperature .  In future 
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work the addition of monitoring the gas 
phase product species will also help clarify 
differences in the reaction products from the 
surface reactions. 
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