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The kinetics of the thermal decomposition of NO on Rh(111)
surfaces was probed both by temperature-programmed desorption
(TPD) experiments and by isothermal measurements using an ex-
tension of the so-called King and Wells collimated beam method.
The TPD studies corroborated previously reported results, includ-
ing the existence of two distinct N, desorption peaks, the first of
which displays apparent first-order kinetics. The isothermal work
proved that the adsorption of NO is precursor mediated at low tem-
peratures, and that it is not affected significantly by the presence
of coadsorbed nitrogen and/or oxygen atoms at any temperature
below 900 K. The rate of molecular nitrogen production was found
to be significant above 450 K and to be controlled by the recombi-
nation of atomic nitrogen below 600 K, but the experimental data
could not be reproduced in a satisfactory manner by any empirical
rate law unless the order in nitrogen coverage was set to be less than
unity. Such an observation is interpreted here as being the result of
the slow diffusion of nitrogen atoms across the surface prior to their
recombination. A strong additional effect due to lateral repulsion
between nitrogen and/or oxygen atoms was also inferred from the
data. (© 1998 Academic Press

1. INTRODUCTION

Air pollution originating from the exhaust of internal
combustion engines has developed into one of the most se-
rious environmental concerns in recent years, and nitrogen
oxide emission control in particular has become one of the
most important aspects of this problem being addressed in
environmental regulations. The first limit on NO, emissions
from automobiles was set at 1 g/mile in 1981 (1, 2), but that
value has been subsequently updated in later years, and
the passage of the 1990 Clean Air Act Amendments and
of many other regional laws is an indication that more reg-
ulations are quite likely to come in the near future (3, 4).
The best answer to date to the problem of the removal of
air pollutants from the emissions of automobiles is the use
of the so-called three-way catalyst (2, 5), a combination of
palladium, platinum, and rhodium particles deposited on
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high surface-area supports in which rhodium is used to re-
duce the nitrogen oxides produced during the combustion
processes (6-9).

As a consequence of its importance in pollution removal,
the reaction of NO on rhodium surfaces has been studied
by using surface-sensitive techniques in some detail (10).
On Rh(111), early temperature-programmed desorption
(TPD) experiments were used to identify the N,-producing
channels (11). Interestingly, the desorption of that nitrogen
was found to occur in two stages, around 470 and above
500 K. From these, the latter feature was determined to fol-
low second-order kinetics, a fact that has been explained
by assuming that the rate of reaction is controlled by the
recombination of nitrogen atoms on the surface. The first
peak, on the other hand, does not shift in temperature with
changing coverages, a behavior generally associated with
first-order processes. There has been quite a bit of specula-
tion in the literature on the source of this low-temperature
N, TPD peak. X-ray photoelectron spectroscopy (12), sec-
ondary ion mass spectrometry (SIMS) (12, 13), and vibra-
tional spectroscopy (HREELS) (14, 15) have all been used
to show that NO dissociation occurs at quite low tempera-
tures, below 300 K at low coverages and around 450 K at
high coverages. This observation led to the conclusion that
such a reaction is not likely to be the rate-limiting step in
the N, production, even though more recently it has been
argued that it may still be relevant at high coverages, where
the dissociation of the adsorbed NO is slowed down by the
unavailability of empty surface sites (16). Another line of
thought is based on the idea of a possible recombination of
atomic nitrogen with adsorbed NO to form a N,O-like in-
termediate under the conditions of the TPD experiments,
but this has also been proven not feasible by a series of
elegant isotope-labeling experiments with coadsorbed NO
and nitrogen (17). Finally, kinetic simulations have been
used to argue that the two nitrogen states can be explained
by repulsive interactions among the atomic nitrogen and
oxygen chemisorbed species (18-21), but since the same
first-order N, TPD peak was shown to appear in experi-
ments with pure nitrogen, where there is no oxygen on the
surface to exert any effect on the reaction rates (16, 22),
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other explanations may be needed to fully understand these
processes.

In this paper we report isothermal kinetic experiments
performed on the desorption and thermal conversion of ni-
tric oxide over a Rh(111) surface. NO adsorption was found
to go through a physisorbed precursor at low temperatures
but to behave in a more Langmuir manner around room
temperature. The initial sticking coefficient was shown to
be quite high at all temperatures, as high as about 0.8 at
100 K, but to decrease slightly above 800 K. A couple of
surprising additional facts were identified in these experi-
ments as well. For one, the rate of nitrogen formation was
seen to depend strongly on the surface coverages of both
atomic oxygen and atomic nitrogen, but those species were
proven to not affect the rate of NO uptake in any signifi-
cant way. In addition, the yield for N, formation was seen
to reach about 100% of the initial NO consumed at 450 K
but to then decreases steadily at higher temperatures, even
though the rates of NO consumption and nitrogen produc-
tion follow identical behaviors with time above 600 K. These
and other observations are discussed below in terms of pos-
sible kinetic models for the NO decomposition process.

2. EXPERIMENTAL

All the experiments reported here were performed in
a 6.0 L stainless steel ultrahigh vacuum (UHV) chamber
evacuated with a 170 L/s turbo-molecular pump to a base
pressure of about 2 x 107!° Torr and equipped with a UTI
100C quadrupole mass spectrometer, a sputtering ion gun,
and a molecular beam doser. Detailed descriptions of the
doser setup and of its calibration have been given elsewhere
(23, 24). Briefly, the doser, a 1.2 cm diameter array of par-
allel microcapillary glass tubes, is connected to a calibrated
volume via a leak valve and a second shutoff valve that iso-
lates it from the main vacuum vessel. The beam flux is set
by filling the backing volume to a specific pressure, which is
measured by a MKS baratron gauge, and by adjusting the
leak valve to a predetermined setpoint. A movable stain-
less steel flag is placed between the sample and the doser
in order to intercept the beam at will.

The sample, an approximately rectangular (1.10 cm 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 1077 Torr for up to 20 min) at 900 K
and annealing to 1200 K until the NO TPD spectra reported
in the literature (11, 13) could be reproduced. The crystal
was placed at a distance of 0.5 cm from the front of the doser
to assure a reasonably flat gas flux profile (23), and heated
resistively and cooled by using a liquid nitrogen reservoir.
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 homemade precision temperature controller. TPD
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spectra were recorded at a heating rate of about 10 K/s.
Both the regular NO (Liquid Carbonic, >99.99% purity)
and the isotopically labeled "NO (CIL, 98% N purity)
were used as supplied. The pressures of the gases during the
dosing experiments done by backfilling of the chamber were
measured with a nude ion gauge and were then calibrated
for differences in ionization sensitivities (25).

The time evolution of the partial pressures of up to ten
different species was followed in both the isothermal ki-
netics and the TPD experiments by using the quadrupole
mass spectrometer, which was placed out of the line of sight
of the beam and the crystal in order to avoid any artifacts
due to possible angular profiles in either the scattered or
the desorbing gases, and which was interfaced to a personal
computer. The mass spectrometer signal for nitric oxide was
calibrated by equating the time-integrated NO uptake on
clean Rh(111) at 100 K toits saturation coverage, which was
assumed to be about 0.70 monolayers (ML) (11-13, 15, 26).
The N, signal was then calibrated by using the relative mass
spectrometer sensitivities for NO and N, and independently
by using mass balance arguments and assuming a constant
sticking coefficient in TPD experiments.

3. RESULTS
3.1. General Results

Figure 1 displays the series of TPD traces obtained here
for NO on Rh(111) as a function of initial coverage. °N-
labeled nitric oxide was used to separate any possible
contributions from background CO to the signal of the
nitrogen-containing compounds, even though CO desorp-
tion was also monitored and shown to not interfere with the
chemistry reported here. Only molecular "NO (31 amu)
and N, (30 amu) were detected in these experiments, no
I5N,0 was observed in any case, and the traces registered in
our study were found to match quite nicely those reported
previously (11, 13). Molecular nitric oxide desorption is not
seen at low exposures, only above 0.6 L a peak develops
around 440 K in a peak that then grows but does not shift
with increasing initial NO doses, a behavior characteristic of
first-order kinetics. In addition, a low-temperature shoulder
also grows at high coverages. In terms of nitrogen desorp-
tion, a second-order peak appears right from the beginning
of the uptake. That feature peaks around 700 K for 0.2 L of
NO but shifts significantly toward lower temperatures with
increasing NO doses until saturating about 0.6 L, at which
point it reaches its maximum at 560 K. A second feature
then develops about 460 K and grows without shifting un-
til reaching saturation at approximately 3.0 L of NO. The
inset in Fig. 1 displays the overall ’NO and °N, yields ver-
sus initial ’NO exposure as calculated by integration of the
respective TPD traces.

Isothermal NO uptake experiments were also performed
for different temperatures ranging from 100 to 900 K. In
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FIG. 1. NO (31 amu, left panel) and N, (30 amu, right panel) TPD spectra from SNO adsorbed on Rh(111) at 90 K as a function of initial dose.
Heating rates of 10 K/s were used in all experiments. The inset displays the coverage dependence of the total yields as calculated by using the areas
under the TPD traces. Of particular relevance to this report is the appearance of two peaks in the molecular nitrogen TPD traces, one above 500 K
which is seen at all coverages and displays second-order kinetics, and a second that grows after exposures above 0.6 L and peaks at 460 K irrespective
of coverage, a behavior usually associated with first-order kinetics.

view of the similarity between the TPD results obtained
with normal and isotopically labeled NO, normal 1*NO was
used in the rest of the studies reported here. The left panel
of Fig. 2 shows a typical example (in this case for a sur-
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FIG. 2.

face temperature of 450 K) of the raw data obtained in
the isothermal experiments. Although only the traces for
NO (30 amu) and N, (28 amu) are shown here, several
other key masses were followed as well, including 12 (C),
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(Left) Typical raw data from an isothermal kinetic run of the type described in this report. An effusive collimated NO molecular beam is

directed onto a Rh(111) surface, which is kept at a constant temperature (450 K in this example), and the evolution of the partial pressures of NO and
N, is followed versus time. The NO flux in all the experiments reported here was calibrated and set to a value of 0.03 ML/s. (Right) Time evolution
of the NO uptake both from the beam and from the background gases, of the N, evolution, and of the surface coverage of nitrogen atoms during the
same experiment. The coverages and yields were calculated by integration of the raw data as described elsewhere (23, 27).
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14 (N), 16 (O), 32 (0O,), and 44 (N,O and CO,) amu; no
additional features were seen in those data. The experi-
mental details and data analysis have been described in de-
tail elsewhere (23,27), so they will only be described briefly
here. The experimental sequence in each run was as follows:
(i) the beam, which was set to a flux of about F'=0.03 ML/s,
was turned on at time =0, at which point an increase in
the NO background pressure was observed; (ii) the NO
partial pressure was allowed to reach its new steady-state
value by waiting for about 10 s, after which the intercepting
flag was removed in order to allow the beam to impinge
directly on the rhodium crystal. This caused a drop in NO
partial pressure related to the uptake of NO on the sur-
face which continued until the crystal became saturated;
(iii) finally, after about 80-100 s, the beam was turned off
and the vacuum chamber was allowed to reach its base pres-
sure again.

The raw data from the isothermal experiments could be
easily converted into surface coverages, reaction yields, and
reaction rates after appropriate calibrations (23, 27). The
temporal evolution of both the key surface coverages and
the yield of molecular nitrogen for the example in Fig. 2
is presented in the right panel of that figure. A few points
are worth highlighting here. First, the geometrical arrange-
ment of our experiment is such that only about 30% of
the beam is intercepted by the crystal, hence the relatively
shallow drop in pressure when the flag is removed; this is
done by design to ensure that the beam profile is approxi-
mately constant across the surface of the crystal (23). Sec-
ond, the partial pressure of NO in the chamber increases
(to about 1.0 x 1078 Torr in the experiments reported here)
right after the beam is turned on, and that induces some
additional NO adsorption not accounted for in the analysis
of the uptake from the direct beam. We always include this
background adsorption in our calculations, even though it
amounts to less than 10% of the total adsorption (see the
right panel of Fig. 2). Third, because the pumping speed
for nitric oxide in the chamber is poor, the partial pressure
of that gas never equilibrates but increases steadily during
the kinetic runs instead. To estimate the time dependence
of the equilibrium pressure, which is needed to calculate
coverages and rates, a combination of an exponential and a
quadratic equation was fitted to the points before and after
NO adsorption from the direct beam; this functional form
was tested by making sure that it fitted the results from
reference experiments where the flag was never removed
from the path of the beam. The results of this background
adjustment, illustrated by the broken line displayed in Fig. 2,
were quite satisfactory in all cases. Fourth, simple stoichio-
metric arguments were used to estimate the coverages of
the surface species, including the assumption that at least
above 400 K all initial NO dissociates rapidly to atomic
nitrogen and atomic oxygen (13-15); the surface coverage
of the molecular nitric oxide was considered to be close
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FIG. 3. Time evolution of the NO adsorption (30 amu, left) and N,
desorption (28 amu, right) rates during kinetic experiments such as that
described in Fig. 2 for different surface temperatures. Three clear tem-
perature regimes were identified in these experiments: (i) below 400 K,
where no reaction takes place; (ii) above 700 K, where the rate of N, pro-
duction is limited by the impinging frequency of NO on the surface; and
(iii) between 400 and 700 K, an intermediate region with complex kinetic
behavior.

to zero at all times during the runs in the high-temperature
cases. Finally, note that in the particular example illustrated
here almost all the atomic surface nitrogen recombines to
produce nitrogen gas: the fact that the N, yield can never
exceed half of the NO total uptake provides a further way to
check both the background subtraction and the calibration
of the relative sensitivities of the mass spectrometer.
Figure 3 displays the temporal evolution of the rates of
NO consumption (30 amu, left panel) and N, desorption
(28 amu, right panel) during the isothermal uptake of NO
on Rh(111) at different crystal temperatures. The time scale
hasbeen shifted here tosett =0 at the point where the beam
is allowed to impinge directly on the crystal. From the data
in this figure it can be seen that, first of all, the initial rate of
NO adsorption is approximately constant in all cases, and
that it is limited by the beam flux and the NO initial sticking
coefficient, which is about 0.7-0.8 (see below). Also, three
distinct temperature regimes can be distinguished: (i) be-
low 400 K, where NO adsorption is not accompanied by any
N; production; (ii) between 400 and 700 K, where nitrogen
production is delayed and displays a kinetic behavior differ-
ent to that seen for NO consumption; and (iii) above 700 K,
where the time evolution of the rates of NO uptake and N,
desorption display identical trends. An early feature was
seen in the 28 amu trace above 500 K due to CO formation
from recombination between oxygen from NO decomposi-
tion and carbon segregating from the bulk. This was clearly
determined by the observance of matching features in the
12 and 16 amu traces and the absence of such peaks in the
14 amu data, and was removed from all but the 500 K trace.
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The three temperature regimes identified above will be dis-
cussed in more detail in the following paragraphs.

3.2. NO Adsorption below 400 K

Asmentioned above, NO adsorption on Rh(111) surfaces
is molecular below room temperature and does not lead to
any nitrogen gas formation. The uptake kinetics does nev-
ertheless change significantly with temperature. Figure 4
displays the dependence of the NO sticking coefficient on
surface coverage for 100 and 300 K. The initial sticking coef-
ficient is approximately the same in both cases, about 0.75,
but while the adsorption probability remains almost con-
stant throughout most of the uptake in the 100 K case, it
decreases significantly with coverage at 300 K. The behav-
ior at liquid nitrogen temperatures is typical of precursor-
mediated adsorption: the early part of the 100 K trace can
be fitted to a Kisliuk-type equation (28) by assuming a ra-
tio between the rate of desorption from the precursor state
and that of surface migration of about K = kges/kmig = 0.03.
The fit does deviate from the experimental data at cover-
ages above about 0.5 ML, perhaps because of the presence
of two types of adsorption states on the surface (29). The
kinetics observed at 300 K, on the other hand, is more like
that expected by Langmuir’s model; the Kisliuk equation
yields a value of K= 0.2. This provides an estimate for the
difference in activation energies between desorption and
migration from the physisorbed state of about 0.5 kcal/mol.

NO/Rh(111) Uptake
Sticking Coefficient vs. Coverage
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FIG. 4. Sticking probability (s) vs NO coverage for the adsorption of
NO on Rh(111) at 100 and 300 K. The initial sticking coefficient is quite
high (about 0.75) at both temperatures. However, while the uptake at low
temperatures displays the approximately constant s value with coverage
typical of precursor-mediated adsorption kinetics, that at 300 K resembles
more closely a Langmuir-type behavior.
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FIG.5. Generalkinetic parameters obtained from the isothermal runs
shown in Fig. 3 for the adsorption and thermal conversion of NO on
Rh(111) as a function of surface temperature. Shown are values for the ini-
tial NO sticking probability (so), the total NO uptake, the overall N, yield,
and the coverage of the atomic nitrogen that remains on the surface after
the experiments (®y). A few observations become evident from the data
in this figure: (i) both sy and the total NO uptake remain almost constant
between 100 and 800 K; (ii) the nitrogen yield starts to be significant only
above 400 K and peaks about 450 K before gradually decreasing again;
and (iii) some residual nitrogen atoms are left on the surface after the
kinetic runs performed at temperatures above 500 K.

The data in Fig. 3 can also be used to calculate initial
sticking coefficients and overall yields as a function of
surface temperature. Those are summarized in Fig. 5.
Among the results worth highlighting here we can mention
the following three points. (i) The initial sticking coefficient
for NO is quite high, between 0.7 and 0.8, and remains
approximately constant with temperature until about
800 K, at which point a sudden drop in value is observed.
(ii) The total uptake of NO also remains almost constant
over the same temperature range, even though complete
dissociation and nitrogen desorption is seen above 400 K.
This suggests that NO adsorption is basically unaffected
by the presence of atomic nitrogen and atomic oxygen on
the surface (more on this later). (iii) The yield for nitrogen
production peaks around 450 K, at which point it is almost
quantitative, but then decreases slowly with increasing
temperature until accounting for only about % of the total
nitrogen consumed above 800 K.

3.3. Kinetics of NO Decomposition on Rh(111)
between 400 and 700 K

Above 400 K the formation of nitrogen gas becomes evi-
dent in the data shown in Fig. 3. Also clear from those data
is the fact that the kinetics of the N, desorption display
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a behavior quite different to that of the NO adsorption.
Perhaps one of the most interesting features in the tem-
poral behavior of the N, production in this temperature
regime is the delay observed between the beginning of the
NO uptake and the onset of nitrogen detection. This delay
appears to correspond to the buildup of a critical nitro-
gen concentration which roughly matches that seen in the
high-temperature N, peak in the TPD data, but in fact the
atomic nitrogen coverage at which N starts to be produced
changes with temperature, decreasing monotonically as the
reaction is performed on hotter surfaces. Indeed, while Oy
approaches 0.2 ML before any significant N, production
is detected at 450 K, that threshold value is already cut
by half at 600 K. Such continuous changes in critical ni-
trogen coverage with temperature argue against any idea
based on the existence of more than one type of kineti-
cally different nitrogen atoms on the surface. Two explana-
tions have been discussed in the past in connection with the
complex kinetic behavior for nitrogen production from NO
on Rh(111), namely, competition between NO dissociation
and nitrogen recombination rates in this low-temperature
regime, and lateral interactions among the different species
adsorbed on the surface, especially between nitrogen and
oxygen.

Assuming that NO dissociation is rate limiting alone can-
not explain the kinetic behavior observed here. This can be
tested with the data in Fig. 6, which displays the rate of
nitrogen production R(N;) as a function of the coverage
of nitrogen atoms Oy for different surface temperatures.
Here the data are shown in a way to highlight the fact that
there is no linearity between the logarithm of the rates and
the logarithm of the coverages, an indication that the rate
of nitrogen production is not proportional to the coverage
of nitrogen to a fixed exponent. Five things become evi-
dent from these data: (i) there is a sudden rise in the N,
production rate but only after reaching the critical nitro-
gen coverage on the surface discussed before; (ii) as also
mentioned above, the critical N coverage becomes smaller
at higher temperatures; (iii) the subsequent leading edge is
quite steep in all cases, having slopes on the order of 4-6,
too high to have any physical meaning in terms of orders
in reaction rate laws; (iv) for the same nitrogen coverage,
the reaction rates are quite different in the rising and trail-
ing edges of the kinetic experiments, that is, the rates for
nitrogen desorption at a given ®y are much higher after
longer reaction times, presumably because of the enhanc-
ing effect exerted by the coadsorbed oxygen left behind
on the surface after NO dissociation; and (v) the rate of
nitrogen desorption in the trailing side of the isothermal
kinetic runs is approximately proportional to the coverage
of nitrogen on the surface at low temperatures, but its be-
havior becomes more complex above 550 K. There is in fact
a clear change in the kinetic behavior of this system around
that temperature, since below 550 K the nitrogen coverage
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FIG. 6. Molecular nitrogen production rate as a function of atomic
nitrogen surface coverage during isothermal kinetic runs performed at
several surface temperatures between 450 and 650 K. The data are shown
in a log-log fashion in order to highlight possible empirical reaction rate
orders. The arrows indicate the temporal sequence of the data acquisition.
The things to notice here are (i) the N, desorption only starts after the
buildup of a critical N surface concentration, but that ®y decreases as
the reaction temperature is increased; (ii) initially the N, production rate
grows quite steeply, especially at low temperatures, and then reaches a
maximum (the same as On) between 450 and 550 K; (iii) the reaction rate
during the trailing edge of the experiment decreases in a slower manner,
and does not match the values seen for the same nitrogen coverages during
the initial uptake; and (iv) the trailing edge kinetics can be empirically de-
scribed by a rate law where the N, desorption rate is roughly proportional
to Oy at temperatures below 550 K.

reaches a maximum before decreasing again in the latter
part of the runs, but above 600 K this is no longer the case.
It is interesting to notice that the 550 K split corresponds
roughly to the dividing temperature between the two N,
peaks in the TPD experiments (see Fig. 1).

One thing that is clear from Fig. 6 is that the oxygen
atoms codeposited during the NO decomposition greatly
influence the rate of nitrogen gas production. The quan-
tification of this effect, however, is not straightforward. It
could be argued that the nitrogen and oxygen atoms com-
pete for the same adsorption sites on the surface. If each
of those types of atoms clusters in islands on the surface,
as recent STM experiments suggest (30), this would mean
that the coadsorbed oxygen effectively increases the local
coverage of nitrogen on the surface (by blocking surface
patches and consequently reducing the surface area avail-
able for the N atoms). One way to test this hypothesis is
to check the dependence of the reaction rates on either
the total (N + O) coverage or an effective nitrogen surface
concentration calculated by scaling the available sites after
subtracting those used by oxygen atoms. Several attempts
were made here to fit the data to such parameters, some of
which are illustrated in Fig. 7. It was again found that none
of these assumptions is by itself sufficient to account for
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FIG.7. Evolution of the molecular nitrogen production rate at 450 K plotted against different coverages to aid in the understanding of the
mechanism for the overall reaction. The left panel shows the rate data plotted against the coverage of atomic nitrogen on the surface (®y), the
combined coverages of atomic oxygen and nitrogen (Ox+ ©¢), and an effective nitrogen coverage calculated by scaling the total number of sites
available after taking into account the blocking effect of oxygen (see text for details). The right panel displays the same data versus the square of those
coverages to test the validity of a straight second-order rate law. None of the traces can be associated with a simple rate expression.

the kinetic behavior in the isothermal kinetic experiments,
in part because R(N;) eventually decreases in spite of the
continuous buildup of oxygen atoms on the surface.

Another aspect of the behavior of the NO/Rh(111) sys-
tem highlighted by our studies is the fact that the kinetics of
NO adsorption is not affected significantly by the buildup
of adsorbates on the surface, and that therefore it must not
play an important role in determining the overall kinet-
ics of this system below 550 K. In fact, the NO uptake is
controlled by the impinging flux throughout most of the
kinetic runs reported here. This can be seen by the approx-
imately constant nature of the NO consumption rate up to
high N 4 O coverages, as observed in the plots of R(NO) vs
ON + Op shown in Fig. 8. In addition, N; production is seen
only above 450 K, a temperature higher than that needed
to dissociate chemisorbed NO on Rh(111) (13, 18, 29). This
means that in the relevant isothermal experiments the nitric
oxide molecules break apart immediately after adsorption,
which means that the steady-state NO surface concentra-
tion remains low at all times. Notice, finally, that the shape of
the trailing edge of the R(N;) curves match those of R(NO)
above 550 K, suggesting that the kinetics of nitrogen forma-
tion is limited by the impinging frequency of the incoming
NO molecules in that temperature regime.

An attempt was made to reproduce the kinetic data in
the 450-550 K range by a series of mathematical equations,
but no fit was found to be entirely satisfactory. Among
the unsuccessful hypothesis tested here we can cite the
following:

(i) The limiting step is the dissociation of NO. The rate
constant was calculated accordingly by dividing the rate
of nitrogen desorption by the coverages of NO (calculated
by integration of the uptake assuming negligible dissocia-
tion) and empty sites. It was found that this constant in-
creases monotonically with increasing oxygen surface cov-
erage, from about zero at the start of the run, to a value of
approximately 0.4 (ML -s)~! toward the end. It also became
quite clear that adding a factor for the coverage of empty
sites to any rate expression only led to further deviations
from the experimental data, because such @iy term is al-
ways higher at the beginning of the kinetic runs where the
induction period is observed. In any case, given that there
is ample evidence for NO dissociation below 400 K, espe-
cially at low coverages (12-14), this model was not pursued
any further.

(i) The limiting step is the recombination of nitrogen
surface atoms. This assumption by itself is not capable to
account for the behavior reported here, as discussed earlier.
The reaction rate constant calculated by dividing R(N) by
©% varies by more than an order of magnitude throughout
each kinetic run.

(ili) The recombination rate is affected by the presence
of nitrogen and oxygen atoms on the surface. The rate con-
stants calculated in (ii) were fitted to a couple of equations
to account for this effect: (a) one with an exponential term
that included linear components dependent on the cover-
ages of oxygen and nitrogen, as reported by Belton et al.
(16), and (b) a more sophisticated expression based on a
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FIG. 8. NO uptake kinetics during isothermal kinetic runs at temper-
atures between 450 and 650 K. The rate of NO adsorption, R(NO), plotted
here against the combined coverages of oxygen and nitrogen atoms, re-
mains almost constant up to quite high ®n+ ®¢ coverages in all cases,
indicating that the initial NO adsorption step is limited by the availability
of NO molecules from the gas phase under the conditions of the experi-
ment, and that therefore the NO uptake does not control the kinetics of
N; production below 600 K.

lattice gas model for well-mixed adlayers, as suggested by
Makeev et al. (19). No good fits were obtained in either
case.

(iv) The nitrogen and oxygen atoms segregate and form
islands on the surface. This has in fact been reported
to occur at room temperature, as seen by STM experi-
ments (30). In order to include this effect, the surface was
in effect partitioned between the oxygen and the nitro-
gen, and the nitrogen coverage was scaled by the frac-
tion allotted to the N atoms. This was done in one of two
ways, the same as in Fig. 7: (a) by using the expression
Ot = ON[(ON + ©0)/ON] = On + B0 and (b) by employ-
ing the equation O = ON[Omax/(@max — ©0)]. In each case
new rate constants were calculated with the expression
k=R(Np)/(®"?, and those were fitted to the two mod-
els described in (iii) (but considering lateral interactions
with other nitrogen atoms only). None of these attempts
was successful either.

The best results were obtained by relaxing the require-
ment of the process being second order in nitrogen cover-
age. In order to include the reaction order as a parameter
and still keep the number of parameters to a minimum,
an additional assumption was made here, namely, that the
lateral interactions among nitrogen and oxygen atoms are
all of a comparable magnitude. It was also found that, ev-
erything else equal, better fits were obtained by using Oy
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instead of either of the @ described above, a result that
in effect implies that the O and N atoms are likely to inter-
mix and not segregate at the temperature of the reactions.
The best least-squares fit to the data for 450 K using this
simple three-variable model yielded the following equation
(Fig. 9):

R = (7.6 x 107 (On)""! exp[4.9(On + ©0)].

This corresponds to an empirical rate law where the re-
action order with respect to the coverage of nitrogen is
0.71 and the average repulsive energy between nitrogen
and oxygen atoms is about 5.4 kcal/(mol - ML). It is impor-
tant to point out that the fitting of the experimental data to
this type of equation, which is by no means ideal at 450 K,
becomes worse as the reaction temperature is increased,
presumably because the overall reaction rate starts to be-
come limited by the availability of NO molecules.

3.5. NO Decomposition Kinetics above 700 K

The kinetic behavior of the NO/Rh(111) system becomes
somewhat simpler at higher temperatures. The nitrogen
coverage threshold above which nitrogen gas production
starts becomes smaller, to the point of being undetectable
by 650 K. Furthermore, the rate of N, desorption becomes
proportional to the rate of NO consumption in the trailing
edge of the kinetic runs at temperatures as low as 600 K, as
mentioned earlier. Interestingly, though, the proportional-
ity constant between the two rates comes out to be about
0.35, that is, R(N;) =0.35R(NO), not 0.5 as expected on
stoichiometric grounds (see Fig. 10). This means that not

NO/Rh(111) Isothermal Uptake
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FIG. 9. Best least-squares fit of the N, production rate experimental
data at 450 K (dots) to an equation of the form indicated in the figure
(solid line). Several models were used to try to reproduce the experimental
data, but no acceptable fit was possible unless the order of the reaction
was allowed to become less than unity, a fact that suggests nitrogen atom
diffusion on the surface as the limiting step in the overall NO conversion to
N,. An additional term was also added to account for the strong repulsive
interactions between adsorbed nitrogen and/or oxygen atoms.
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FIG. 10. Temporal evolution of the ratio between the rates of N, pro-
duction and NO adsorption during isothermal kinetic runs at temperatures
between 600 and 800 K. The constant nature of that ratio throughout the
runs is indicative of the rate-limiting nature of the NO impinging frequency
on the surface. Interestingly, though, a value of about 0.35 was obtained
for R(N2)/R(NO) above 650 K, well below the 0.5 number expected on
stoichiometric grounds.

all of the nitrogen atoms on the surface recombine to form
Npy; about 25-30% remain on the surface long after the NO
uptake becomes undetectable. It is tempting to doubt the
calibration procedure used to estimate the sensitivity dif-
ferences for N, and NO, since a 30% change in that num-
ber would produce the 0.5 stoichiometric factor mentioned
above. Two arguments can be put forward against this ob-
jection: (i) the sensitivity calibration was done indepen-
dently by two methods, by using the known reported values,
and by mass balancing the products observed in TPD; and
(ii) the proposed change would lead to N, yields above
100% at lower (450-550 K) temperatures. Notice the al-
most stoichiometric character of the reaction at 450 K, as
shown in Figs. 2 and 5.

The other interesting behavior to be highlighted in this
high-temperature regime is the steady decreases in sticking
coefficient and overall conversion yield seen in Fig. 5. The
initial sticking coefficient sp goes from approximately 0.7
below 700 K to less than 0.5 at 900 K, and the total amount
of NO consumed decreases from over 0.6 to about 0.35 ML.
The reduction in the apparent sticking probability could be
accounted for by a lesser ability for the incoming molecules
to accommodate their excess energy, but the fact that the
overall uptake decreases as well favors an alternative expla-
nation based either on a relative increase in NO desorption
rate or on a decrease in the NO decomposition probability
induced by the rearrangement of the atoms present on the
surface. Related to this is the fact that above 500 K some
nitrogen is always left behind on the surface after the re-
action is complete (Fig. 5), an observation that is difficult
to understand when focusing on the NO dissociation and
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nitrogen recombination kinetics alone but that may be ex-
plained by considering the diffusion of N atoms into the
bulk of the rhodium sample.

4. DISCUSSION

The isothermal kinetic experiments reported above pro-
vide new insights on the mechanism for the thermal de-
composition of nitric oxide on Rh(111) surfaces. Previous
research in this field has led to the identification of the main
elementary steps involved in this system:

NO(g) < NO(ads), [1]
NO(ads) — N(ads) + O(ads), [2]
2N(ads) — Na(g), 3
20(ads) — Ox(g). (4]

—_

From these, oxygen recombination (step 4) is known to oc-
cur only above 1000 K (11), at temperatures much higher
than those used in most studies, so no more will be said
about that reaction here. Also, any additional steps involv-
ing the possible recombination of nitrogen atoms with NO
molecules have already been shown to not be important
under UHV conditions (17).

The seemingly simple mechanism given above hides sev-
eral complications which have not been resolved to date.
In particular, TPD experiments with NO on Rh(111) dis-
play two distinct N, desorption peaks (11, 13). The first
peak (sometimes called B, or 8-N;), which is seen in all
the TPD traces, has a maximum about 700 K at low cov-
erages, and shifts significantly toward lower temperatures
with increasing surface concentration, a behavior typical of
second-order kinetics. The second feature (referred in the
literature as either the 81 or the §-Nj state), on the other
hand, develops after NO coverages above 0.2 ML and peaks
about 460 K but does not shift with coverage, a behavior
typically associated with first-order kinetics. Molecular NO
desorption is also seen at coverages above about 0.2 ML
(approximately a third of saturation), and peaks around
440 K, a temperature about 20 K lower than that seen for
the 1 state of N».

The kinetic behavior of the B; nitrogen peak was ex-
plained early on in terms of a reaction between adsorbed
nitrogen atoms and NO molecules to produce a N,O or
related intermediate (11). Such an idea can be made con-
sistent with the first-order kinetics derived from the TPD
data, but it cannot explain the lack of isotopic mixing in
the N, produced in experiments with mixtures of normal
and °N-labeled nitric oxide (17). An alternative explana-
tion has been proposed where the first-order nature of the
B1 peak is associated with the fact that N, production be-
low 500 K is limited by the previous NO dissociation step
(13, 17). Again, several arguments can be put forward to
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argue against this model. In particular, NO dissociation has
been shown by XPS (12), SIMS (12,13),and HREELS (14,
15) to always occur below 400 K (and as low as 250 K at low
coverages), temperatures well below those at which a de-
tectable production of molecular nitrogen was seen in the
isothermal kinetic runs reported here. At this point it is im-
portant to make a distinction between isothermal and TPD
experiments, because it has been clearly shown before that
the rate of NO dissociation on rhodium is inhibited by an
increase of its coverage on the surface. This has some impli-
cations for the TPD data and could explain, at least in part,
the nature of the 81-N; peak. In the isothermal experiments
reported here, however, the NO molecules dissociate as
they adsorb, so no buildup of molecular species is expected
at surface temperatures above the reaction threshold value
(about 400 K). Indeed, recent time-dependent SIMS exper-
iments done under conditions similar to those used in this
work have shown that NO dissociation is so fast at 450 K
that molecular species are not observed on the surface at
any point during the uptake (29). In any case, no kinetic
model involving the rate of NO dissociation could be fit to
any of the data in Fig. 3.

A direct conclusion from the work reported in this paper
is the fact that the rate of NO adsorption is not affected
in any significant way by the presence of nitrogen and/or
oxygen atoms on the surface between 100 and 900 K (see,
for instance, the data in Figs. 5 and 8). Consequently, the
first step in the mechanism summarized above cannot ac-
count for the kinetic behavior of nitrogen production in the
crucial temperature regime, between 400 and 600 K, either;
only above 600 K does R(N,) match R(NO) (Fig. 10). This
leaves one remaining possibility, namely, that the atomic ni-
trogen recombination step controls the kinetics of gaseous
molecular nitrogen formation in both of the temperature
regimes defined by the two peaks in the N, TPD. That is
not to say that invoking a simple bimolecular step is suffi-
cient to account for the body of TPD and isothermal kinetic
data available on this system to date. On the contrary, what
this means is that a complete explanation of the kinetics of
this system requires a more detailed analysis of the charac-
teristics of the surface reaction at a molecular level.

One thing that has been pointed out in previous work
and that has become evident in the kinetic studies reported
here is the fact that the oxygen atoms codeposited during
the NO decomposition reaction exert a profound effect on
the rate of the surface nitrogen recombination step. This
is clearly visible in the data shown in Figs. 6 and 7, where
the rate of N; production for a given atomic nitrogen cov-
erage is shown to be significantly different during the early
and later parts of the kinetic runs. The form taken by this
cooperative oxygen effect has been discussed in the litera-
ture, and at least includes a significant component due to
lateral interactions between adsorbed nitrogen and oxy-
gen atoms on the surface. Such a contribution has indeed
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been justified experimentally (11) and simulated with sev-
eral computer algorithms (18-20). We included this effect
in our simulations and came up with an average value of
about 5.4 kcal/(mol - ML) for the pairwise repulsion. Un-
fortunately, such interactions alone cannot entirely explain
either the appearance of two N, peaks in the TPD or the
isothermal kinetics reported here, among other reasons be-
cause similar behavior is seen on nitrogen-covered surfaces
in the absence of any oxygen (16, 22).

This brings us to our last important point concerning the
kinetics of the nitrogen recombination reaction, namely,
that no acceptable fit to the isothermal kinetic data could
be obtained without relaxing our initial hypothesis that the
rate law had to be proportional to the square of the atomic
nitrogen surface concentration. Interestingly, allowing for
the reaction order to vary during the fit led to the estimation
of a reaction rate order below unity (Fig. 9). This could be
interpreted as to result from the slow diffusion of the nitro-
gen atoms toward each other on the surface. The derivation
of an analytical expression for such a model is complicated
by the fact that the coadsorbed oxygen also alters the rate
of nitrogen surface mobility, but at the very least some ob-
servations can be qualitatively understood using this idea,
namely:

(i) There is an induction period in the rate of molecular
nitrogen formation below 600 K. This could be explained
in terms of the need for a critical surface concentration of
nitrogen atoms before their average interatomic distances
are short enough so they can diffuse and encounter each
other within a reasonable time.

(ii) That induction period becomes shorter as the sur-
face temperature is increased. This is just because the dif-
fusion rate, and consequently the average distance traveled
per unit time, is expected to increase exponentially with
temperature.

(iii) For temperatures between 450 and 550 K the rate
of molecular nitrogen production is approximately propor-
tional to the atomic nitrogen coverage in the high coverage
limit, that is, in the trailing end of the isothermal kinetic
runs. This is what would be expected for a two-dimensional
diffusion-limited reaction, and is seen better at later times
because that is the regime of high oxygen coverages where
there are only small variations in the term that accounts for
atomic lateral interactions.

(iv) The 81 N, TPD peak temperature maximum is in-
variant with coverage. This is explained in the same way
as in point (iii) above, that is, by assuming that the rate of
atomic nitrogen diffusion is directly proportional to its cov-
erage. [t needs to be remembered that this low-temperature
TPD peak is only seen for NO initial coverages above ap-
proximately 0.25 ML, a third of saturation.

To the best of our knowledge the hypothesis of N,
production being rate-limited by atomic nitrogen surface
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diffusion put forth here has not been discussed in de-
tail before. Makeev et al. have recently estimated the dif-
fusion coefficient for atomic nitrogen on Rh(111) to be
Dy =4000 um?s, the same as that for hydrogen and 3 or-
ders of magnitude lower than those for either oxygen or
NO (31). Unfortunately, their numbers were obtained by
numerical modeling of complex oscillatory chemistry and
appear to us to be physically unsound. Several arguments
can be provided for this. First, if Dy = Dy, nitrogen recom-
bination would be expected to occur at very low temper-
atures, below those needed for H, desorption from hy-
drogen adsorbed on Rh(111) (since the N=N bond is so
much stronger than the H-H bond). Second, there is no
reason to expect Dy to be significantly different from Do,
certainly not 3 orders of magnitude larger. It only needs
to be noted that the binding energies for O and N on the
rhodium surface are approximately 100 and 130 kcal/mol,
respectively (11, 16), so if anything nitrogen is expected to
diffuse at a slower rate than oxygen (the values of diffusion
barriers heights are approximately 20% of the respective
binding energies). Lastly, it is logical to assume that NO
molecules are much more mobile on the surface than nitro-
gen atoms, since their adsorption energy is so much lower
(about 26 kcal/mol (11)). We believe that the estimate of
Dy needs to be revised, but it is nevertheless quite clear
that more isothermal kinetic experiments need to be per-
formed to decouple the effect of lateral interactions with
oxygen from that due to the nitrogen diffusion. This can be
done by performing NO uptake isothermal experiments on
nitrogen and/or oxygen precovered surfaces, an approach
that we are pursuing at the present time. It would also be
useful to extend the previous computer kinetic modeling of
the TPD data to include the diffusion steps.

5. CONCLUSIONS

The kinetics of the thermal decomposition of nitric ox-
ide on Rh(111) surfaces was characterized by isothermal
measurements using a collimated directional NO beam and
mass spectrometry detection. NO adsorption and N; des-
orption rates could be followed simultaneously over time
and later correlated with the oxygen and nitrogen surface
coverages calculated via integration of those data. Below
about 350 K NO adsorption is molecular and does not
lead to nitrogen (or any other product) desorption. The
adsorption at 100 K follows precursor-mediated kinetics,
but a more Langmuir-type behavior is seen at 300 K. Nei-
ther the NO initial sticking coefficient nor its saturation
coverage vary much between 100 and 700 K; they display
vales around 0.75 and 0.7 ML, respectively, in that temper-
ature range. At the other end, above approximately 700 K,
both NO decomposition and N recombination steps are fast
on the surface, and N, production is therefore rate-limited
by the impinging frequency of the incoming gas-phase NO

ARYAFAR AND ZAERA

molecules (at least under the conditions of the experiments
reported here).

Perhaps the most interesting kinetic regime was seen be-
tween 350 and 700 K, because in that temperature range the
rate of molecular nitrogen formation does not follow that of
NO consumption. An induction period is observed in the
N, desorption trace which depends on the reaction tem-
perature. Gas-phase nitrogen is not detected until atomic
nitrogen coverages of about 0.2 and 0.1 ML are reached at
450 and 600 K, respectively, and that induction period is
followed by a sharp rise in the N signal which corresponds
to an empirical reaction rate order on Oy of between 4 and
6, after which the nitrogen coverage reaches a maximum
and starts to decrease again, at least below 550 K. For the
same atomic nitrogen concentration, the rate of N, produc-
tion differs significantly in the leading and trailing edges of
the experiment, presumably because of the repulsive forces
induced by the presence of oxygen on the surface. The best
fit to the data was obtained when a rate law that included
both lateral interactions and a fractional order dependence
on O was used. The results were interpreted in terms of
the rate-limiting step being the diffusion of nitrogen atoms
across the surface right after NO dissociation and prior
to atomic nitrogen recombination. In general, it was also
shown here that isothermal kinetic experiments are better
suited and more demanding than TPD for testing kinetic
models.
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