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Steady-state rates for the catalytic reaction of NO with CO on
Rh(111) surfaces have been measured under isothermal conditions
by using a molecular beam approach with mass spectrometry de-
tection. Systematic studies were carried out as a function of surface
temperature, NO + CO beam composition, and total beam flux. A
maximum in reaction rate was observed between 450 and 900 K, the
exact temperature depending on the NO : CO beam ratio. Indeed, a
synergistic behavior was seen where the loss in reactivity induced by
increasing the CO concentration in the beam is partly compensated
by a higher surface temperature. The data presented here are consis-
tent with the rate-limiting step of the overall NO reduction process
being the surface recombination of atomic nitrogen atoms result-
ing from fast dissociation of NO adsorbed molecules. Temperature-
programmed desorption and CO titration experiments were also
performed after the isothermal kinetic runs in order to estimate the
surface coverages of the reactants during the steady-state reactions.
The NO + CO conversion rate was found to be directly proportional
to the coverage of atomic oxygen on the surface. The relation be-
tween reaction rates and nitrogen coverages, however, proved to be
much more complex; an inverse correlation was in fact seen in most
cases between those two parameters. The build-up of a critical cov-
erage of atomic nitrogen was found to be necessary to trigger the
nitrogen recombination step to N». This critical coverage of strongly
held nitrogen was determined to not depend in any significant way
on the composition of the beam, but to decrease with reaction tem-
perature in all cases.  © 1999 Academic Press

1. INTRODUCTION

The catalyzed reduction of nitric oxide to molecular ni-
trogenis critical in pollution-control processes for the treat-
ment of combustion products from either automobile or
stationary sources. The best answer available to date to the
problem of the removal of air pollutants from the emission
of such sources is the use of the so-called three-way catalytic
converter (1, 2), acombination of palladium, platinum, and
rhodium metal particles deposited on a high-surface-area
support from which the use of rhodium in particular is es-
sential because of its unique activity towards NO removal
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(1, 2). The conversion of NO to other innocuous gases is
best accomplished by its reduction to N, a process that can
be facilitated by the presence of a suitable reducing agent
in the reaction mixture. Carbon monoxide is a particularly
good candidate for this, since it is itself a contaminant pro-
duced by most combustion processes. NO reduction by CO
occurs mainly through the overall reaction

NO + CO — 1/2 N, + COs,. [1]

This paper is part of a continuing study in our laboratory
to characterize the detailed kinetics and mechanism of this
NO reduction on Rh(111) single crystals (3).

The reaction of NO with CO on rhodium surfaces has al-
ready been studied in some detail under vacuum (3-21).
On Rh(111), early temperature-programmed desorption
(TPD) experiments proved that Reaction [1] takes place
even under vacuum (4, 5). It was also soon found that the
key to understanding the details of the NO + CO reaction
lies in the elucidation of the mechanism for the conversion
of NO to N; on the surface. Interestingly, the desorption
of molecular nitrogen from NO decomposition on Rh(111)
occursintwo stages, around 470 K and above 500K (3, 4, 22—
25). The high-temperature peak of this nitrogen desorption
follows a second-order kinetics easily explaind by assuming
the recombination of nitrogen atoms on the surface as rate
limiting. The first N, peak at 470 K, however, does not shift
in temperature with changing coverages, a behavior gen-
erally associated with first-order processes. Even though
surface-sensitive techniques such as X-ray photoelectron
spectroscopy (XPS) (22), static secondary-ion mass spec-
trometry (SSIMS) (23), and high-resolution electron en-
ergy loss spectroscopy (HREELS) (24, 25) have been em-
ployed to show that NO dissociation occurs at quite low
temperatures, below 300 K at low coverages and around
450 K at high coverages, it has nevertheless been argued
that the rate-limiting step in the N, production on satu-
rated surfaces could still be the dissociation of molecular
NO, presumably because at high coverages the active sites
for dissociation may be blocked by other absorbates (6, 26).
There is, however, no conclusive evidence available to sup-
port this hypothesis.
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The kinetics of the NO + CO reaction over Rh(111) has
been studied at moderate pressures as well (10, 11, 17, 27).
Interestingly, even though the commercial Rh/Al,O3 auto-
motive catalysts produce N exclusively over a wide range
of operating conditions (15, 18, 20), the production of some
N,O was detected in the single-crystal studies (11). Fisher
and co-workers (4, 5, 7-9, 24), in their initial studies in
the mid-eighties, proposed two separate pathways for this,
the generally accepted recombination of nitrogen atoms
on the surface, and a disproportionation between adsorbed
NO and N which could also account for the formation of
the N,O. Newer experimental data by Belton et al. (10, 11,
17, 26, 27), however, proved that the latter does not in fact
occur on Rh(111), at least under vacuum. Clearly, the ques-
tions of the nature of the rate-limiting step and of the source
of N,O production are still open to debate.

In order to address these issues, we have carried out
isothermal molecular beam kinetic experiments on the
NO + COreactionon Rh(111) single-crystal surfaces over a
wide range of temperatures and reactant mixture composi-
tions. In this paper we concentrate on the results from stud-
iesunder steady-state conditions; the details of the transient
behavior will be published elsewhere (28). A few surprising
facts were brought out by our experiments. Specifically, a
maximum in rate was seen for the NO + CO reaction rate at
atemperatures somewhere between 450 and 900 K depend-
ing on the composition of the beam. It was also discovered
that there is a need for the build-up of a critical coverage of
nitrogen atoms on the rhodium surface before the start of
the production of N,. No N,O formation was ever detected
in our experiments; only the stoichiometric Reaction [1]
was seen here. Based on this work, we propose that the
rate-limiting step for the overall NO + CO process is the
recombination of nitrogen atoms, but that the kinetics of
that step is complex and cannot be described by a simple
Wigner—Polanyi model.

2. EXPERIMENTAL

All the experiments reported here were performed in a
6.0 L stainless-steel UHV chamber evacuated with a 170 L/
s turbo-molecular pump to a base pressure of about
2 x 107 Torr. This system is equipped with a UTI 100C
guadrupole mass spectrometer, a sputtering ion gun, and a
molecular beam doser. A detailed description of the doser
setup and of its calibration has been given elsewhere (29,
30). Briefly, the doser, a 1.2 cm diameter array of parallel
microcapillary glass tubes (10 wm in diameter and 2 mm in
length) aimed directly at the surface, is connected to a cali-
brated volume via a leak valve and a second shut-off valve
which isolates it from the main vacuum vessel. The beam
fluxis set by filling the backing volume to a specific pressure,
which is measured by a MKS baratron gauge, and by adjust-
ing the leak valve to a predetermined set-point. A total flux
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of 0.5 monolayers per second (ML/s) was used in all the ex-
periments reported here unless otherwise specified. A mov-
able stainless-steel flag is placed between the surface and
the doser in order to intercept the beam at will. The contri-
bution from the background to the measurements of the re-
action rates was deemed by independent calibration exper-
iments at less than 20% of that from the direct beam (29).

The solid sample, an approximately rectangular (1.10 x
0.56 cm?) Rh(111) single crystal, was cleaned in situ, initially
by Ar* sputtering and before each experiment by cycles of
oxygen exposures (1 x 10~ Torr at 900 K for up to 20 min)
and annealing to 1200 K until the NO TPD spectra reported
in the literature (3, 4, 23) could be reproduced. The crystal,
which could be heated resistively or cooled by using a lig-
uid nitrogen reservoir to any temperature between 90 and
1200 K, was placed at a distance of 0.5 cm from the front
of the doser to assure a reasonably flat gas flux profile (29).
The surface temperature was monitored continuously by a
chromel-alumel thermocouple spot-welded to the back of
the crystal, and kept constant during the Kinetic runs with a
home-made precision temperature controller. TPD spectra
were recorded at a constant heating rate of 10 K/s. Isotopi-
cally labelled *®NO (CIL, 98% >N purity) and regular CO
(Matheson, 99.9% purity) were used as supplied. Since only
°N-labelled nitric oxide was used in this work, we will refer
to °NO, 1°N,, and *®N simply as NO, N, and N, respectively,
hereafter. The pressure of the gases in the vaccum chamber
was measured with a nude ion gauge, and was calibrated
for differences in ionization sensitivities (31).

The time evolution of the partial pressures of up to ten
different species, including N,O and NO,, were followed
simultaneously in both the isothermal kinetic runs and
the TPD experiments by using the computer-controlled
quadrupole mass spectrometer, which was placed out of
the line of sight of both the beam and the crystal in order to
avoid any artifacts due to possible angular profiles in either
the scattered or the desorbing gases. The mass spectrometer
signal for nitric oxide was calibrated by equating the time-
integrated >N O uptake on clean Rh(111) at 200 K to its sat-
uration coverage, which was assumed to be 0.7 monolayers
(ML) (4,22, 23). The nitrogen signal was then calibrated by
using the relative mass spectrometer sensitivities for °NO
and N,, and independently by mass balance arguments
(and the assumption of a constant NO sticking coefficient
at low coverages in the TPD experiments (3)). Similar con-
siderations were applied for the CO calibration, for which
the saturation coverage was assumed to be 0.75 ML (32).

3. RESULTS

3.1. General Considerations

The experimental procedure used here for the rate de-
terminations in the NO 4+ CO/Rh(111) system is based on
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FIG. 1.

(a) Raw data from a typical isothermal kinetic run of the type described in this report. In this case an effusive 1:1 **NO + CO collimated

molecular beam was directed onto a clean Rh(111) surface kept at 475 K while the partial pressures of >N,O (which was not produced at all here),
®N,, CO,, N0, and CO were followed as a function of time. The beam was blocked between t =70 and 90 s to measure the steady-state rate of the
NO + CO conversion. (b) Temperature-programmed desorption (TPD) spectra for the key species in the ®NO + CO reaction after the isothermal
kinetic run shown in (a). Heating rates of 10 K/s were used. Reaction rates and surface coverages were calculated by integration of the raw data from

these experiments as described in the text.

exposing the clean rhodium surface, which is kept at a
constant temperature, to an effusive collimated NO 4+ CO
molecular beam of preset composition, and on following
the partial pressure of the different gases of interest as a
function of time by mass spectrometry (29, 30). As an ex-
ample of the results obtained with this approach, the left
panel of Fig. 1 shows the raw Kinetic data for the evolu-
tion of the partial pressures of N,O, N, CO,, NO, and CO
over time in the case of a 1:1 NO: CO beam composition
ratio and a reaction temperature of 475 K. A series of ac-
tions are taken during these experiments as follows: (1) At
time t=10 s the NO 4+ CO molecular beam is turned on
with the flag in the intercepting position so the crystal is
not yet exposed directly to the beam. At this point the re-
actant molecules (NO and CO) are scattered throughout
the vacuum chamber, so their partial pressures increase up
to new steady-state values. Notice that the partial pressure
of CO; does increase somewhat at this point too because
of the reaction between the background NO and CO on
the Rh(111) surface (this represents less than 20% of the
total rate, and was included in the data analysis (3, 33)).
(2) At approximately t=20 s the flag is removed from the

path of the NO + CO beam in order to allow for its direct
impingement on the surface. This causes both a decrease in
the partial pressures of the reactants as well as an increase
in the signals of the products. This stage will be termed here
as the “transient state,” and will not be discussed in detail
in this publication. Notice that while a change in the CO,
signal is seen immediately after the unblocking of the beam,
the signal for the formation of N rises only after a delay
of about 20 s from that point. (3) The system is allowed to
evolve until a steady state is reached, which in general hap-
pens within 50 s after the unblocking of the beam. Neither
the adsorption of the reactants nor the desorption of the
products changes with time in this steady-state condition.
The continuous rise of the NO partial pressure beyond this
point is due to poor pumping speed for this compound from
the vacuum chamber, and does not represent any chemical
change in the system. (4) During the steady-state regime
the molecular beam is blocked deliberately by raising the
flag (at time t =70 s in this example) to check on the values
of the reaction rates. There is a clear increase in the par-
tial pressure of the reactants and an accompanying drop
in the partial pressure of the products at that point, and
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a new steady-state is reached within a few seconds of this
beam blocking. (5) After about 20 s from the blocking of
the beam, i.e., at t=90 s, the flag is removed again and
the reaction is allowed to return to the earlier steady-state
regime induced by the direct impingement of the beam on
the surface. (6) At about t=200 s the molecular beam is
turned off to stop the reaction. (7) After the partial pres-
sures of reactants reach their initial background levels, the
crystal temperature is lowered below 250 K, and the sur-
face is saturated with CO if titration of the O atoms left on
the surface is to be performed. (8) Finally, the crystal tem-
perature is ramped at a constant rate of 10 K/s to record
the TPD traces for CO and NO (to measure the amount
of any unreacted molecules), CO; (from CO + O recom-
bination), N, (from N + N recombination), and O, (from
O + O recombination). The results from this last step are
shown in the right panel of Fig. 1. The CO; (from the titra-
tion experiments) and N, TPD traces in particular allow
for the calculation of the coverages of O and N atoms that
remain on the surface after stopping the steady-state re-
action. One final note about this figure: the trace for N,O
(46 amu) shows no features anywhere during the kinetic
runs, indicating that no N,O is produced at any stage in
these experiments. This was true for all the data shown in
this paper.

A systematic set of steady-state kinetic studies for the
NO + CO reaction on Rh(111) was carried out as a function
of surface temperature, NO : CO ratio, and total beam flux
by following the procedure described in the previous para-
graph. The partial pressures of the different gases were then
converted into reaction rates by following a calibration pro-
cedure described in previous publications (29, 33). Asan ex-
ample of the results of these calculations, Fig. 2 displays the
typical temporal evolution of the calibrated reaction rates
for the uptake of NO and for the desorption of the products
(CO; and Ny) during the steady-state part of an experiment
carried out at 500 K with a 1: 7 NO: CO beam ratio. Note
that the rate for the NO uptake (0.0141+ 0.0010 MLY/s) is
almost equal to that for CO, production (0.0137 +0.0010
ML/s), and is close to two times that for N, formation
(0.0056 £+ 0.0005 ML/s), the proportions expected by the
stoichiometry of the overall Reaction [1]. This stoichiom-
etry was found to hold for most of the reaction conditions
used in our experiments (see below).

3.2. Temperature Dependence

Figure 3 displays the time evolution of the steady-state
rates of production of CO; (left panel, a) and N, (right
panel, b) during the isothermal exposure of the Rh(111)
surfacetoa1:7 NO:CO beam at different crystal temper-
atures. It is seen here that no significant NO conversion
can be catalytically sustained at temperatures below 400 K,
as expected based on previous TPD results (3, 4). Above
450 K, however, the steady-state rates for the production of
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FIG. 2. Measurement of the steady-sate reaction rates for the con-
sumption of SNO and for the production of **N, and CO, at 500 K with a
1:7 NO: CO beam. The absolute values of the rates in ML/s were calcu-
lated by the calibration experiments discussed in the text. This figure shows
the stoichiometric nature of the NO + CO — 1/2 N, + CO, reaction.

both N, and CO,, which are proportional to the changes in
partial pressures between the flag up and flag down times,
increase rapidly with temperature until reaching a maxi-
mum value at about 600 K. Notice also that the kinetics
observed in these transients to the new steady state (im-
mediately after the changes in the flag position) are quite
different for N, and CO,, because while CO, reaches its
new steady state instantaneously (within the time resolu-
tion of our experiments) upon blocking and unblocking of
the beam, the N, desorption rate decays more slowly as the
beam is intercepted, and, similarly, the rise in the N, partial
pressure to the earlier steady-state level is not immediate
but takes a few seconds after the flag is again removed from
the path of the beam. The main conclusion from this obser-
vation is that the recombination of nitrogen atoms must
be rate limiting for the whole process under the conditions
of those experiments. Finally, for the case of the 1:7 of
NO : CO beam composition used in Fig. 3, the rate for the
NO + CO reaction decreases sharply above 600 K, and is
no longer limited by the N+ N recombination step above
800 K.
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FIG.3. Time evolution of the partial pressures of the products, CO, (a) and *N, (b), in steady-state kinetic experiments with a 1:7 1>NO:CO
beam as a function of surface temperature. The rate-limiting nature of the N recombination step is illustrated by the slow kinetic behavior of the N,

evolution at the points where the beam was blocked and unblocked.

A summary of the reaction rates measured as a function
of temperature for the CO, and N; production and for the
NO uptake in the case of the 1:7 NO:CO beam compo-
sition is shown in Fig. 4. All these rates are believed to
be accurate to within 10%, the main source of systematic
errors originating from the mass spectrometer calibration
and the contribution of the background gases to the over-
all measured reaction rates and reactant uptake. In relative
terms, the reported values were reproducible to within 5%
for a given beam composition, beam flux, and surface tem-
perature. Figure 4 corroborates that the overall reaction
rate increases with increasing temperature until reaching
a maximum at 600 K and decreases again afterwards, and
it also confirms the stoichiometry of the reaction by illus-
trating that the rates for NO consumption are basically the
same (within experimental error limit) as those for CO,
production and about twice those for N, desorption at all
temperatures.

3.3. Composition Dependence

Figure 5 shows the kinetic traces obtained for the
NO + CO reaction in the steady-state regime at a constant
temperature, 500 K, for NO: CO ratios ranging from 4:1
to 1:99. The general description given for Fig. 3 is appli-
cable to this figure as well. Of note here is the fact that
when the beam is rich in NO (for instance, in the case of the
4:1 NO: CO composition) the rate of the overall reaction
is low even at surface temperatures high enough to disso-
ciate NO molecules, but as the beam is made richer in CO
the NO + CO steady-state reaction rate increases rapidly
until reaching a maximum at an approximately equimolar
NO : CO composition. Also, in addition to the almost in-
stantaneous response of the CO; rate to the blocking of the
beam, the N, decay is also reasonably fast for the stoichio-
metric (1:1) mixture. With CO-rich beams (for NO:CO
ratios above 1:15), the excess CO renders the reaction
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FIG. 4. Temperature dependence of the rates of *®NO consumption
and of ®N, and CO; production in the steady-state regime for a 1:7
’NO: CO beam, as extracted from the data in Fig. 3. The stoichiome-
try of the reaction is maintained, within an error of less than 10%, over
the whole temperature range studied. The solid line does not represent
any fit to the data and is provided only as guide to the eye.

quite inefficient once again. Two more observations are
worth mentioning from this figure: (1) The CO; trace always
shows an immediate drop right after the molecular beam
is blocked, but a further slow decay in signal continues for
some time thereafter in the case of the 1: 3 NO: CO mix (a
similar instantaneous increase in the CO; partial pressure
followed by a further slow growth for another 10 s or so is
seen in that case when the molecular beam is unblocked).
(2) The N, trace displays slower responses at the flag up
and flag down points as the beam is made richer in CO.

3.4. Synergism between Temperature and Composition
for Rate Changes

Figure 6 provides a summary of the results obtained in
the steady-state kinetic experiments reported here in terms
of the overall NO + CO reaction rate against both reac-
tion temperature (left panel) and beam composition (right
panel) for a series of initial settings. These rates were calcu-
lated by averaging those for the formation of CO, and N,
(times two), namely,

_ R(:OQ+2RN2

R
2

[2]
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A few interesting points are worth highlighting from this
figure: (1) There is an optimum reaction temperature,
somewhere between 450 and 900 K, where a maximum
in rate is reached for a given NO : CO beam composition.
(2) The above optimum temperature shifts to higher tem-
perature with increasing CO (and/or decreasing NO) con-
tent in the reaction mixture. (3) There is also an optimum
NO:CO ratio, somewhere between 1:1 and 1:7, which
maximizes the reaction rate. The exact value of this ratio
again depends on the reaction temperature. (4) The overall
steady-state reaction rate is the highest (about 0.02 ML/s)
foratemperature of 550 Kandal:3NO: CO beam compo-
sition. (5) There is a general broadening in the temperature
range where the reaction rate displays appreciable values
(relative to the maximum) as the beam becomes richer in
CO. For instance, in the case of the 1: 7 NO : CO beam, sim-
ilar reactivity is seen between 550 and 600 K, while with a
1:32 NO: CO ratio, the region where comparable rates are
observed widens to between 500 and 800 K (these changes
may alternatively be viewed in terms of a lesser sensitivity
of the reaction rates to beam composition at high tempera-
tures). All of the above observations demonstrate that the
reaction rate is effectively controlled by both the surface
temperature and the beam composition. In fact, it appears
that the effect of increasing the reaction temperature can
be compensated to some extent by a decrease in the con-
centration of NO in the beam: For example, almost the
same rate is observed for beam compositions of 1:1 and
1:3(NO:CO) at 500 and 550 K, respectively, and similarly,
almost the same rate is observed at 450 and 800 K for 1:3
and 1:15 NO: CO beam compositions, respectively.

3.5. Flux Dependence

Figure 7 shows the results from studies on the changes in
reaction rate (R) as a function of NO flux (Fno) in a beam of
fixed 1:7 NO: CO composition. For all the Fyo values used
here the rate follows, within experimental error, the same
trend as in Fig. 4, namely, it increases up to about 600 K
and drops afterwards. R also increases with increasing flux
(Fig. 7, right panel), but not in a linear fashion as expected.
Moreover, the rate of nitrogen production displays two dis-
tinct regions in the transient right after the blocking of the
beam (Fig. 7, left panel): There is a sharp initial drop within
the first couple of seconds after the flag is moved into the in-
tercepting position, which appears to scale reasonably well
with the total flux of the beam, implying that the rate at
that point is proportional to Fyo (and possibly to ®np), but
there is also a second slower region after that where the
N, formation rate displays similar behavior regardless of
the total flux of the beam. This second regime could per-
haps be due to reactions involving background gases, since
it was found that the background pressure of reactants in
the steady state is significant compared to the flux from
the direct molecular beam in the case of low-flux beams
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FIG.5. Time evolution of the partial pressures of the products, CO, (a) and **N; (b), in kinetic steady-state experiments at 500 K as a function of
®NO: CO beam ratio. Again, the fast response observed in the CO, desorption traces at the blocking and unblocking of the beam contrasts with the

slower kinetic behavior seen for No.

but does not increase substantially in absolute terms with
increasing beam flux (amounting to less than 10% of the to-
tal impinging molecules for Fnyo = 0.20 ML/s). Most of the
experiments reported in this paper were carried out with
reasonably high-flux (Fiotas=0.5 ML/s) beams in order to
minimize this effect.

3.6. Surface Coverages under Reaction Conditions

The coverages of the various species present on the
surface under steady-state conditions were determined by
TPD experiments carried out after the isothermal kinetic
runs. Figure 8 shows the N, TPD traces obtained from the
Rh(111) surface after performing NO + CO reactions with
a beam of 1:7 NO: CO composition at different tempera-
tures. The N, desorption in these TPD experiments comes
from recombination of the N atoms strongly bonded on
the surface (©3°"), which, as argued below, are required
before any N, production can be seen during the steady-

state conditions (34). The shape of these traces are basically
the same as those in TPD experiments from Rh(111) dosed
with either NO (3-5, 22-25) or N; (26, 35), indicating that
the Kinetics of desorption in this case is controlled by the
atomic nitrogen recombination step, and their areas (which
are proportional to O3 ") decrease monotonically with
increasing reaction temperature. Notice the two distinct
states that develop at high coverages after low-temperature
(350 K) reactions, as mentioned in the Introduction.

The coverages of surface oxygen (®c) present during the
steady-state reaction conditions were determined by post-
mortem CO titration experiments. For this, the Rh(111) sur-
face was cooled to 250 K after the stopping of the NO + CO
reaction and then saturated with CO before the CO, TPD
traces were obtained. It is important to note that since CO
desorbs at temperatures close to those at which CO; is pro-
duced, oxygen removal by this method can sometimes be
incomplete. Since the oxygen coverages in these experi-
ments are low, however, there was no problem with the
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beam composition for temperatures between 400 and 1000 K (b). The maximum in reaction rate shifts to higher temperatures with increasing CO

concentration in the beam.

stoichiometry of the CO titrations, as checked by two
independent tests, namely, by comparing with direct O,
TPD data (which yielded similar results but were less reli-
able) and by performing a second CO titration experiment
immediately after the first.

The three panels in Fig. 9 show typical CO titration TPD
results for NO: CO ratiosof 1:3 (a), 1:7 (b), and 1:15 (c)
and a number of reaction temperatures between 340 and
800 K (no CO post-dosing was carried out after the Kinetic
experiments done at 340-350 K, since no CO desorption
takes place at those reaction temperatures). It can be seen
from these data that for reaction temperatures of 400 K
and above small amounts of O atoms may be present on
the surface, the actual oxygen coverage depending on the
beam composition (especially on the concentration of CO
in the beam). The data also provide information on the na-
ture of the atomic oxygen present on the surface during the
NO + CO reactions. Notice in particular that after reactions
at temperatures below 600 K the CO, TPD titration traces
display significant signals only above 400 K irrespective of

the beam composition, but that for reaction temperatures
above 650 K the CO, TPD show an additional and distinct
desorption peak at a lower temperature, about 360 K. The
relative intensity of this new feature varies with reaction
temperature: it develops suddenly between 650 and 700 K
and disappears again at 800 K in the TPD from CO-rich
beams, for 1:7 NO: CO beam ratios and lower (Fig. 9b),
but it becomes less significant for the 1: 3 NO : CO case. All
this can roughly be explained in terms of isolated versus
islanded oxygen atoms on the surface (36), even though a
more detailed analysis is hindered by the fact that some
CO and O, desorb above 1100 K in TPD performed after
the high-temperature (>700 K) reactions, suggesting that
subsurface oxygen may also form on the Rh(111) substrate.

As mentioned before, below 400 K almost all surface
sites are blocked within a few seconds after the start-up of
the reaction, most likely with CO and NO, and no steady-
state reactivity can be sustained. Indeed, the TPD traces
obtained after exposures of the surface to the NO + CO
beam at 350 K yielded large amounts of N, (equivalent to
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(a) Time evolution of the '°N, formation rate at 480 K for a 1:7 *®NO: CO beam as a function of total beam flux. The immediate decay

from the steady-state nitrogen production rate after the blocking of the beam roughly scales with beam flux, but the second slower region that evolves
afterwards probably reflects the conversion of background gases. (b) *®NO + CO conversion rates at 480, 600, and 750 K as a function of **NO flux.
Significant deviations from linearity between reaction rates and beam fluxes are seen here, especially for temperatures distant from the optimum 600 K

value.

®n=0.48 ML for the 1:7 NO: CO composition) and CO,
(equivalent to ®o=0.12 ML) as well as some unreacted
CO (®co=0.11 ML) and NO (®no = 0.08 ML). Figure 10,
which displays the coverages of CO and NO that remain
on the Rh(111) as a function of beam composition after a
reaction temperature of 350 K, shows that with NO-rich
beams (1:1 NO: CO) the surface is covered with NO ex-
clusively, but that with increasing CO concentration in the
beam the ®\o decreases gradually at the expense of an in-
crease in ®co. An almost equal coverage of CO and NO is
seen onthesurfaceataNO :CO beamratioof1:7,andbya
value below 1: 15 almost no NO is detected in the TPD ex-
periments. In terms of the temperature dependence of this
competition between NO and CO adsorption, NO + CO
uptakes at 375 K lead to the build-up of about the same ®©no
but less ®co, and by 400 K ®no decreases to a maximum
value of about 0.05 ML with NO-rich beams while ®co goes
down to 0.02 ML with CO-rich beams. These data indicate
that NO adsorption is slightly favored on Rh(111) at low
temperatures (when competing with CO), but that desorp-

tion and/or decomposition reduces the surface coverages of
both NO and CO molecular species above 350 K.

Figure 11 summarizes the regular and CO-titration TPD
results in terms of the surface coverages of O and N atoms
under steady-state conditions between 350 and 1000 K for
the various NO : CO ratios employed in the experiments re-
ported here. As mentioned before, a simple general trend
is seen in the coverage of N atoms as a function of tem-
perature which holds true |rrespective of the composition
of the beam, namely, large ©, °" values, on the order of
half a monolayer, are seen on the Rh(111) surface at low
temperatures (below about 500 K), but a sharp decrease in
that coverage is observed with increasing reaction temper-
ature until becoming almost negligible above about 600 K.
In terms of the oxygen coverages, a careful look at the
data reveals another clear trend, at least for beam composi-
tions near the stoichiometricratio(NO:CO=1:1,1:3,and
1:7), where ®¢ increases monotonically from 400 to about
650 or 700 K and then decreases abruptly to values close to
zero above 900 K. For the intermediate 1: 15 NO : CO beam
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FIG.8. N, TPD spectra obtained after the isothermal runs shown in
Fig. 3. The coverage of strongly adsorbed nitrogen during the **NO + CO
catalytic reactions, estimated from the areas under these traces, decreases
abruptly with increasing reaction temperature.

some oxygen (®o~ 0.1-0.2 ML) is seen between 700 and
800 K, but with either NO-rich (4:1) or CO-rich (1:32 and
1:99) beams, the oxygen coverage is quite low (<0.05 ML)
at all temperatures between 450 and 1000 K. The overall
behavior of the coverage of oxygen during the NO + CO
reaction can in most cases be explained by the efficiency
with which CO removes O atoms from the surface via the
formation of CO, and/or by the diffusion of oxygen atoms
into the bulk (see below).

Figure 12 displays the dependence of the steady-state
values of O, Oy, and R as a function of beam compo-
sition for three key reaction temperatures, namely, 500 (a),
600 (b), and 700 (c) K. These results have already been
reported above, but are displayed in a new way here to
highlight the correlation between surface coverages and re-
action rates. This figure shows that: (1) For a given beam
composition the coverage of adsorbed oxygen atoms gener-
ally increases with reaction temperature. (2) A direct corre-
lation exists between reaction rates and oxygen coverages,
at least for NO: CO ratios below 1:3. (3) Larger Oy "
values are seen with NO-lean beams at low temperatures,
below 600 K, while the opposite trend is observed at 700 K.
(4) ©5°™ generally decreases with reaction temperature

GOPINATH AND ZAERA

for a fixed-beam composition, as shown earlier (remember
that it is the nitrogen that does not react but needs to ac-
cumulate on the surface before a steady-state reaction can
start). (5) A particular combination of high ®¢ and low
O} values is seen with the 1:3 beam composition at all
temperatures, especially when compared to the behavior
of other beams with nearby compositions. Since this is the
composition which leads to the highest NO + CO conver-
sion rates, it is concluded that setting up the reaction condi-
tions so as to maintain high ®c and low O} °" is essential

to optimize the rate for NO reduction.

3.7. Relative Rates for CO Desorption and CO, Formation

Finally, in order to understand the processes responsi-
ble for the removal of surface oxygen at high temperatures,
a few simple CO oxidation reactions were carried out on
oxygen-treated Rh(111) surfaces between 300 and 700 K.
Figure 13 displays the raw data from isothermal kinetic runs
for the CO uptake on clean Rh(111) (top) as well as for the
CO uptake (middle) and the CO; evolution (bottom) on
oxygen-saturated Rh(111) at 300 (a), 450 (b), and 600 (¢) K.
The oxygen-saturated surfaces were prepared by dosing the
rhodium substrate with 200 L (1 L =1 x 107° Torr s) of oxy-
genat 600 K, atreatment that resultsin a (2 x 2)O-Rh(111)
ordered surface (37). At 300 K CO adsorption takes place
until saturation on both surfaces, as indicated by the dips in
the corresponding traces (Fig. 13a) as the flag is removed
from the beam (t=0 s), but at 450 K a detectable amount
of CO is adsorbed only on the clean surface, and no up-
take is seen at 600 K even on clean Rh(111) because at that
temperature the rate of desorption is high and a low and
undetectable steady-state CO coverage is reached almost
immediately after the dropping of the flag. The importance
of these results to the understanding of the NO + CO re-
action is that there is no appreciable effective CO uptake
on the oxygen-precovered Rh(111) at temperatures higher
than 450 K, and that the CO desorption rate above 450 K
is much larger than that of the CO + O recombination step.
Subsequent TPD experiments (data not shown) corrobo-
rated that indeed most of the predosed oxygen remains
chemisorbed during isothermal exposures to the CO beam.
This is in sharp contrast with the case of Pt(111), where the
opposite is true (38).

4. DISCUSSION

4.1. General Considerations

The kinetic data presented here provide new informa-
tion on the mechanism of the catalytic reduction of NO
by CO over rhodium surfaces. There has already been a
large amount of surface-science work done over the last
two decades both on the dissociation of NO (3, 4, 7, 22,
23, 25, 39) and on its reaction with CO over Rh surfaces
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FIG.9. CO, TPD traces from oxygen-titration experiments as a function of reaction temperature for 1:3 (a), 1:7 (b), and 1:15 (c) ®NO:CO
beam compositions. For these the surface was saturated with CO at 250 K after the isothermal kinetic runs. The areas under the CO, TPD peaks are
used to determine the oxygen coverages on the surface during the steady-state reactions, and the observation of distinct CO, desorption peaks provides

additional information on the nature of the surface oxygen atoms.

(5, 6, 8, 9, 11-14, 16). The following mechanism has been
put forward for the NO + CO conversion:

CO(g) — CO(ads) [3]

CO(ads) — CO(g) [4]

NO(g) — NO(ads) [5]

NO(ads) — NO(g) [6]

NO(ads) — N(ads) + O(ads) [7]

2N(ads) — N2(9) (8]

CO(ads) + O(ads) — CO;(9) [9]

NO + CO — 1/2N, + CO,

The first piece of evidence from our work in support of
such a mechanism comes from Fig. 4, which provides
data to establish that, at least under the conditions of
our experiments, the NO 4 CO reaction is stoichiometric,
meaning that for every two molecules of NO consumed,
two molecules of CO are also converted, and two molecules
of CO, and one molecule of N, are produced. No evidence
was obtained here for the production of N,O either as an
intermediate or as a desorption product (Fig. 1). Hence,
any N,O-forming steps will be ignored in the remainder of
this discussion.

overall reaction [1]

One of the main points of contention in the literature
with respect to the NO + CO reaction mechanism relates
to the reaction rate-limiting step. As mentioned in the In-
troduction, the decomposition of adsorbed NO molecules
on the rhodium surface has been recently proposed as such
astep, at least under moderate and high pressure (6, 10, 17,
27). We will, however, argue below against the validity of
this conclusion under vacuum. In connection with this, we
will highlight the importance of a few observations deriving
from our experiments, namely: (1) the almost immediate
response of the rate of CO, production (via CO + O recom-
bination) to any perturbation of its steady-state condition;
(2) the slow kinetics of N, production irrespective of NO
concentration in the reactant mixture, at least below 700 K,
as manifested by the slow response of the rate of N, produc-
tion to changes in the molecular beam flux; (3) the need to
build up a critical nitrogen coverage on the surface before
the start of the production of N; and (4) the often inverse
correlation between the threshold nitrogen coverage and
the NO reduction rate. These observations support the idea
of nitrogen recombination to N, with a complex kinetic
behavior as rate limiting the overall NO + CO conversion.

We start our discussion by providing a brief summary
of the information available in the literature about the
individual steps in the mechanism given above. First, the
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as a function of ®NO: CO beam composition. The data show that CO-
rich beams (NO : CO ratios of approximately 1: 7) are required to achieve
stoichiometric NO + CO adsorbed mixtures on the surface.

adsorption of CO, step [3], appears to be quite similar on
Rh(111), Pd(111), and Pt(111) surfaces (29, 40). In par-
ticular, vibrational studies of CO on the Rh(111) surface
show molecular adsorption, exclusively on linear sites at
low coverages but on additional bridge sites at saturation
(32, 40-42). In terms of the kinetics of the CO adsorption
on Rh(111), measurements by Thiel et al. (32) and Peterlinz
etal. (43) indicate that the CO sticking coefficient sco is con-
stant for coverages up to about 0.3-0.5 ML, at which point it
drops abruptly until reaching a value of zero at saturation.
Like on other noble metals, the temperature dependence
of sco on Rh(111) is weak; 2 is in fact reported to be tem-
perature independent between 320 and 400 K (43). With re-
spect to CO desorption, step [4], TPD spectra show a single
molecular desorption peak at 510 K up to moderate cov-
erages and a shoulder around 425 K at high coverages (5).
No CO decomposition occurs on this surface. Oxygen coad-
sorption does not affect the adsorption of CO on Rh(111) in
any significant way (5, 36), but there is a repulsive interac-
tion between CO and NO which leads to a decrease in CO
desorption temperature in NO 4+ CO coadsorbed systems
@4, 7).

The initial sticking coefficient of NO on Rh(111), step [5],
is high (s} ~ 0.8) and almost constant with temperature up
t0 800 K (3, 23). At 100 K NO adsorption shows an approx-
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imately constant syo with coverage up to ®No=0.5 ML
followed by a sudden drop at saturation, a behavior typical
of precursor-mediated adsorption (3, 23), but at 300 K the
uptake kinetics is more of the Langmuir-Hinshelwood type.
A combination of vibrational and LEED studies suggests
that at 100 K the NO adsorbs molecularly and on bridge
sites (24, 25), but SSIMS data for the NO/Rh(111) system
at 250 K is more in tune with NO occupying only three-
fold sites at low coverages and additional bridge positions
above 0.35 ML (23). Our earlier work on the uptake of NO
on Rh(111) indicated that the kinetics of NO adsorption is
not affected significantly by the presence of coadsorbed N
and/or O atoms at any temperature below 900 K (3).

About the kinetics of NO desorption from Rh(111), TPD
experiments indicate that at low temperatures (<250 K)
and low exposures (up to about 0.2 ML) all the NO
molecules decompose completely to surface N and O atoms
upon heating of the surface (step [7]), but that at higher cov-
erages some molecular desorption occurs at 440 K (step [6]).
Interestingly, the N, TPD spectra (by N recombination,
step [8]) from this system show two peaks, the first of
which grows but does not shift with increasing initial NO
coverages, as if it were a first-order process (3-5, 22-25).
Temperature-dependent SSIMS studies of NO adsorbed
on Rh(111) indicated that below 0.2 ML NO dissociates
by 350 K, but that near-saturation coverages the desorp-
tion of some molecular NO at 440 K is required before the
remaining adsorbates decompose. Still, the above observa-
tions, which have been confirmed by XPS and HREELS
studies (22, 24), imply that in steady-state reactions at tem-
peratures above 450 K NO is expected to dissociate im-
mediately upon adsorption; the coverages of the molecular
reactants (NO and CO) on the surface are likely to be neg-
ligible under these conditions. Indeed, no desorption of NO
or CO was detected after blocking of the beam during our
steady-state kinetic runs, and no molecular species were
seen in the TPD experiments performed afterwards.

Finallyy, TPD data from CO+NO coadsorbed on
Rh(111) have identified the production of some CO; from
recombination of CO and O (step [9]) between 350 and
500 K depending on the relative coverages of the reactants
on the surface (5, 7). It has generally been concluded that
this recombination step is fast as long as there are sufficient
O and CO specieson the surface; thisis true for experiments
with CO + O; (44) as well as with CO + NO (8, 10, 12-14,
16, 17, 27, 39). Fast decay and formation kinetics were ob-
served here for CO; production from NO + CO under most
steady-state conditions, as indicated by the almost immedi-
ate response of the CO,, partial pressure to the blocking and
unblocking of the beam.

4.2. Rate-Limiting Step

From the above discussions it appears that, except for
atomic N recombination (step [8]), all other steps in the
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Coverages of oxygen (a) and strongly adsorbed nitrogen (b) atoms under steady-state reaction conditions, as calculated from TPD data

such as those in Figs. 8 and 9, as a function of reaction temperature for all the beam compositions employed in this report. Note that the nitrogen
coverage decreases sharply with temperature, in approximately the same way for all **NO : CO ratios, while the oxygen coverage shows a more complex
behavior, increasing with temperature (up to 700 K) and then decreasing again for intermediate beam compositions (for *>NO : CO ratios between 1: 1

and 1:7).

reaction mechanism are fast above 400 K. The almostimme-
diate response of the CO; production trace to the blocking
and unblocking of the molecular beam in particular attests
to the fast nature of the NO dissociation reaction on the sur-
face. This leaves nitrogen recombination as the most likely
rate-limiting step for the overall NO + CO conversion un-
der steady-state catalytic conditions, at least under vacuum
(note that the total flux used in most of our experiments
corresponds to pressures on the order of 1 x 10~¢ Torr).
Again, the slow response of the N, production trace to
perturbations of the steady-state conditions provides direct
evidence for such a conclusion. Unfortunately, the kinetics
of the N+ N — N, step (and, therefore, of the overall NO
conversion reaction) is complicated by the fact that there
is a build-up of a critical N coverage on the surface before
the beginning of any N, desorption. This was manifested
here both by the delay in N, production in the transient
state (Fig. 1) and by the large values of ®}°" measured

by TPD after reactions. The idea of a critical Oy " was

already reported by us for the case of NO conversion by
itself on Rh(111) (3), but the argument is better made in
the NO + CO experiments because of the fast removal of
the coadsorbed oxygen by CO there.

A discussion of the effect of nitrogen atoms on the re-
duction of NO over Rh(111) surfaces is the subject of a
separate publication (34). Nevertheless, it is important to
notice that there is no clear connection between the amount
of the surface nitrogen detected by the TPD experiments
and the rate of the NO + CO conversion. There is, if any-
thing, an inverse correlation between 7" and R for tem-
peratures below about 600 K (Figs. 11 and 12), the op-
posite of what would be expected by using a simple rate
law expression of the type R =kg- (O} °"9)* for step [8].
Once again, we suggest that this is so because the ma-
jority of the adsorbed N atoms are not kinetically active,
and are only needed to reach the starting point for the
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desorption of N,. This ©3°" threshold is larger at lower
temperatures regardless of beam composition, and also in-
creases somewhat with increasing CO concentration in the
beam (Fig. 12). We have previously explained these ob-
servations in terms of a strong repulsion among nitrogen
(and/or oxygen) surface atoms (34), an effect that causes
the activation energy for the nitrogen-recombination step
to depend strongly on both ®}°" and ®¢ (decreasing as
the total surface coverage is increased) (3). Such a pro-
posal is supported by the observation by Belton et al. of a
shift in the atomic nitrogen recombination TPD peak from
adsorbed NO toward high temperatures (by about 100 K)
when in the presence of coadsorbed oxygen (26), and by
a similar observation by Root et al. for the N, desorption
from NO dissociation on clean versus CO-covered Rh(111)
surfaces (5). It was also determined here that there isasmall
amount of additional nitrogen, ®¥3 that adsorbs on the
surface during the steady-state NO 4 CO reaction, and that
R oc Oeak (34).

4.3. Steady-State Kinetics

Additional analysis of our data provides further sup-
port for the mechanism presented at the beginning of this
Discussion. The kinetic results refer to a steady-state regime
for the NO + CO reaction, which means that the rates of
steps [3] to [9] in that mechanism must reach equal values
under a given set of conditions (temperature, beam flux,
and beam composition). In that sense step [8], the recombi-
nation of atomic nitrogen, is considered rate limiting only
because of the low value of its reaction rate constant; the
rates of the other steps adjust under steady state via changes
inthe coverages of the different surface species. Thisimplies
that for steps with high reaction-rate constants, the cover-
ages of their reactants display low steady-state values. We
have already used this argument implicitly to conclude that
the coverages of molecular CO and NO on the Rh(111) sur-
face are low and in equilibrium with the gas phase because
the rates of steps [3] to [6] are all high at the temperatures
considered in this study.

The steady-state coverage of atomic oxygen during the
NO + CO reaction, on the other hand, is detectable, and
changes significantly with reaction conditions. The data that
illustrate this fact are presented in Figs. 11 and 12. Figure 12
in particular shows that, for any given temperature, there is
a good correspondence between ®¢ and R, at least in the
case of NO-lean beams (NO: CO < 1:3). This is consistent
with a simple rate expression for step [9] of the form

Rco, = kg - Oco - Oo, [10]
as long as ®¢o remains approximately constant (because
of the CO excess in the gas phase). There is also a direct
correlation between the reaction rate and the NO beam flux
(Fno), presumably because under steady state ®o depends
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directly on the rate of step [7],
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Notice that the proportionality between Rco, and Fno is
affected by changes in both the NO sticking coefficient and
the concentration of vacant surface sites. In fact, blocking
of empty sites by NO, N, and/or O is the reason for the
poisoning of the reaction in the case of the NO-rich beams.

Figures 6 and 12 also illustrate how, in the 500 to 700 K
range, the CO; and N production rates decrease with tem-
perature for a given beam composition. Given that the cov-
erage of oxygen does not change significantly in that tem-
perature range (®¢ is about the same at 600 and 700 K,
and, if anything, goes down at 500 K), this means that the
steady-state coverage of CO on the surface must decrease
with increasing temperature (see Eq. [10]). This is to be ex-
pected since, on the one hand, the sticking coefficient of CO
on Rh(111) is high and almost temperature independent
and, on the other, CO desorption is activated and therefore
speeds up at higher temperatures. Notice also that, accord-
ing to the data in Fig. 13, CO desorption is much faster than
CO + O recombination, at least above 450 K, so the steady-
state coverage of CO on the surface can be approximated
to
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where Eges, co, the activation energy for CO desorption, is
on the order of 38 kcal/mol (32). Assuming a relatively in-
significant change in ®yacant in the 500-700 K temperature
range, Eq. [13] implies that ®co should decrease exponen-
tially with 1/T.

4.4. Reaction Rate Maxima and Kinetics
under Extreme Conditions

As mentioned in Results, a maximum in the rate of the
reaction is generally observed at an optimum intermedi-
ate temperature for any given NO + CO beam composi-
tion, usually around 600 K (Fig. 6). This maximum is gen-
erally reached when the surface coverage of N atoms is
low, ©3°" <0.1 ML, and that of O is high, ®5>0.2 ML
(Fig. 12). There is also a maximum rate at a fixed temper-
ature for a given intermediate beam composition. This op-
timum beam is normally slightly rich in carbon monoxide.
For instance, the maximum rate is obtained witha NO : CO
ratio of 1:1 at 500 K, with a ratio of 1:3 at 550 K, and
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with a ratio of 1:7 at 600 and 650 K. In connection with
this, recall that at 350 K an equimolar surface mixture is
obtained for an NO : CO ratio of about 1: 7 in the gas phase
(Fig. 10), and that NO adsorption competes even more fa-
vorably with that of CO at higher temperatures because of
its higher adsorption energy. It is reasonable therefore to
conclude that the NO + CO reaction proceeds faster when
the coverages of NO and CO on the surface are near their
1:1 stoichiometric ratio, and that for a given beam compo-
sition the steady-state coverage of NO relative to that of
CO increases with increasing surface temperature. This be-
havior explains the synergy between reaction temperature
and beam composition mentioned in Results, Section 3.4.
Figure 6 also shows that the NO + CO conversion rate
drops significantly when extreme conditions are used,
namely, at low (below 450 K) or high (above 800 K)
temperatures, and for CO-rich (NO: CO ratio below 1: 30)
and NO-rich (NO : CO ratios above 4 : 1) beams. Below 400
K the Rh(111) surface is in general saturated with reactant
molecules, NO and CO (Figs. 10 and 11), and that poisons
the NO + CO reaction (by blocking the decomposition
of NO). Above 650 K, on the other hand, the nitrogen
recombination step [8] is no longer rate limiting. Notice in
particular the fast response of the N, trace after blocking
of the beam during the steady-state experiments (Fig.
3). The onset temperature where the response of the N,
production trace to changes in the beam is as fast as that
for CO; increases with decreasing NO concentration in the
beam (Fig. 5). Moreover, both ©3,°" and ©¢ are quite low
at high temperatures, something not expected from the
high sticking coefficients for NO seen on clean Rh(111)
up to 800 K (3). Three points are to be considered here:
(1) Some CO and O, desorbs above 1100 K during the TPD
experiments following high-temperature reactions, and the
remaining oxygen appears to diffuse into the Rh bulk. In
fact, XPS and SSIMS studies of the thermal chemistry of
NO on Rh(111) suggest that a small amount of O atoms
diffuse slowly into the subsurface above 600 K (45-47).
(2) Figures 9 and 11 indicate that ®¢ drops rapidly between
700 and 800 K even in experiments with NO-rich beams,
hinting that the NO adsorption—desorption equilibrium
(steps [5] and [6] shifts towards the gas phase at these tem-
peratures. (3) The CO-titration TPD data (Fig. 9) show the
development of a new CO, desorption state about 360 K
not seen for reaction temperatures below 600 K, indicating
the presence of O atoms adsorbed in a different arrange-
ment (most likely forming oxygen islands (36, 37)). Finally,
the experiments with NO-rich (4: 1 ratio of NO: CO) and
CO-rich (1:99 ratio of NO:CQO) beams show low rates
at all temperatures (Fig. 5). We attribute this mainly to
the high coverage of the excess reactant, at least up to
600 K. The large ©3" threshold required to initiate the N
recombination step [8] below 600 K provides an additional
explanation for the low rate seen at low temperatures.
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4.5. Comparison with Previous Results

This report adds a few new and perhaps controversial
ideas to the discussion of the NO + CO/Rh(111) system.
As mentioned in the Introduction, the extensive work by
the group at General Motors has already provided much
knowledge on this subject. In their earlier studies of this
process under high pressures, Fisher et al. suggested a very
high coverage of N atoms (®y=0.96 and 0.99 ML at 500
and 675 K, respectively), which led them to the conclu-
sion that N desorption must be the rate-limiting step of
the whole process (18). Later on, however, the same group
assumed nitrogen desorption to be fast, and the N cover-
age on the surface to always remain below 0.35 ML (8).
Their new model predicted that at low Pno/Pco ratios the
overall NO reduction rate may be limited by the CO + O
oxidation step, at least at lower temperatures. Last, the idea
was put forward that at least one channel for N, formation
was via the reaction of N with NO adsorbed species (4, 5,
7-9, 24).

Belton and co-workers (10, 11, 17, 26, 27) revised those
ideas in several ways. First, they measured the rate for N re-
combination independently, and concluded that such a step
may not be rate limiting, at least when Gy is large. Second,
they proved that no disproportionation between NO(ads)
and N(ads) to produce N, ever takes place; instead the two
reactants may only recombine to produce gaseous NO.
Third, they indicated that at high NO pressures (>2 Torr)
N, formation is always accompanied by the production of
an equal or larger amount of N,O below 700 K: higher se-
lectivity towards N, was observed above 600 K at low Pno
(<0.8 Torr), but the yield for the NO to N, conversion was
always below 15% in their studies. Fourth, they reported
that with equimolar reactants of NO and CO the Rh(111)
surface is mainly covered by NO species between 500 and
700 K (21), but that under an excess of gas-phase CO its cov-
erage on the surface increases with increasing temperature.
Based on all this the authors proposed that NO dissociation
is the rate-limiting step for the overall NO + CO reaction
under atmospheric pressures.

A comparison of our results with those of Belton et al.
suggests that somewhat different mechanisms may be op-
erative at UHV and under high pressures, or at least that
the relative contribution of the different elementary steps to
the kinetics of the overall reaction changes between the two
regimes. For one, no N,O is produced under UHYV, as is the
case at atmospheric pressures. We interpret this in terms of
achange in NO coverage on the surface as a function of gas
pressure: under vacuum the steady-state population of
NO is so low that atomic nitrogen recombination to N,
dominates any possible N+ NO reaction, but this may no
longer be true in the atmospheric pressure range. Molecu-
lar beam work using high fluxes is planned in our labora-
tory to address this point. Also, it was shown here that the



CATALYTIC REDUCTION OF NO BY CO ON Rh(111)

preferential adsorption of NO over CO on the rhodium
surface is favored by higher, not lower, temperatures.

A new and important observation from the results pre-
sented in this paper is that there is a build-up of a critical
coverage of nitrogen atoms on the Rh surface before N,
production starts. As already explained above, our evidence
points to N, desorption as the rate-limiting step of the over-
all NO reduction process. The fast initial formation of CO,
at the beginning of our kinetic runs and the fast response of
the CO; rate to changes in the beam flux under steady-state
conditions unequivocally tells us that NO dissociation and
CO, formation are faster than N, production under most
reaction conditions. On the other hand, because of the com-
plex kinetic behavior of the N, production step seen here,
the high ®\ values reported by Belton et al. do not necessar-
ily translate into fast N recombination rates. These points
had not been brought out by any previous studies, partly
because little direct evidence has been available on the ki-
netics of the individual reaction steps prior to this molecular
beam work. Our experiments were performed under vac-
uum, but are likely to reproduce many of the features of
the processes that occur under the more realistic catalytic
converter conditions.

5. CONCLUSIONS

This paper reports the results from a kinetic study on the
NO + CO reaction over Rh(111) single-crystal surfaces for
a wide range of Fno, Fco, and temperatures. The experi-
ments were carried out isothermally and under ultra-high
vacuum by using collimated effusive collimated beams, but
were performed under conditions where the NO reduction
reaction could be sustained in a catalytic regime similar
to that encountered in realistic catalytic converters. Anal-
ysis of the kinetic data led to the conclusion that under
most conditions the rate of the overall process is limited
by the diffusion-controlled surface recombination of nitro-
gen atoms on the surface. Two types of kinetically different
adsorbed nitrogen atoms were detected on the surface, as
apparent by the build-up of a critical coverage of nitrogen
atoms before N production begins. This critical ©3°" cov-
erage decreases with increasing temperatures and decreas-
ing oxygen coverages, and does not correlate directly with
the reaction rates. An additional small coverage of more
reactive nitrogen atoms is responsible for the N, formation
on the surface.

It was also found that there is an optimum reaction tem-
perature for a given NO + CO beam composition which
maximizes the steady-state rate of the NO reduction. That
maximum in reaction rate shifts to higher temperature with
increasing CO concentration in the reaction mixture. Con-
versely, there is an optimum NO : CO ratio that maximizes
the overall rate at a given temperature. This optimum ra-
tio changes with reaction temperature but is always cen-
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tered around the stoichiometric mixture. The synergy be-
tween temperature and beam composition was explained
here in terms of the effect of those parameters on the rel-
ative steady-state concentrations of the NO and CO ad-
sorbed on the surface. Finally, significant deviations from
the optimum rates were observed when the reactions were
carried out under extreme conditions. At low temperatures,
below 400 K, the surface becomes saturated with a mixture
of species, molecular NO and CO in particular, and the re-
action is poisoned because of the inhibition of the NO dis-
sociation step. On the high-temperature side, above 800 K,
the rate appears to be limited by the short residence time
of CO on the surface and also by oxygen diffusion into the
bulk. Finally, deviations from the stoichiometric reaction
mixture result in poisoning by the excess reactant.
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