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Abstract

Isothermal kinetic studies on the reduction of NO by CO on Rh(1 1 1) single-crystal surfaces, performed under vacuum by
using collimated effusive molecular beams, have provided information on the coverages and nature of the surface intermediates
involved in that reaction under catalytic conditions. Three major conclusions were reached. First, the optimum rate of reaction
is achieved when the steady-state coverages of NO and CO on the surface reach the 1:1 stoichiometric ratio. The surface
coverages are controlled by a synergistic balance between the composition of the gas and the surface temperature: higher
temperatures tend to require higher CO:NO ratios. Second, under optimum conditions the surface of the catalyst is mostly
covered with atomic nitrogen. This nitrogen appears to cluster in islands, and further conversion to molecular nitrogen takes
place preferentially at their periphery. Finally, the formation of molecular nitrogen under catalytic conditions is likely to
involve the formation of a N–NO intermediate. Evidence for these conclusions is provided. © 2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Metallic rhodium has proven to be one of the best
catalyst for the conversion of NOx to molecular ni-
trogen, a critical step in pollution-control processes
[1,2]. Its great expense, however, makes the identifica-
tion of other alternatives highly desirable. It has been
thought that the key property of any viable catalyst for
NOx reduction is its ability to break the N–O bonds
of the reactants; the resulting surface nitrogen atoms
are believed to then recombine rapidly to N2 [3–14].
According to this mechanism, the formation of N2O,
an undesirable side product which requires the forma-
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tion of a bond between one nitrogen atom and a NO
molecule, could be minimized kinetically by maintain-
ing a low NO concentration in the reaction mixture
[7]. This idea is challenged below.

The reaction of NO with CO on rhodium surfaces
has been studied in some detail under vacuum [3–23].
On Rh(1 1 1), early temperature programmed desorp-
tion (TPD) experiments proved that the conversion of
NO with CO takes place even under vacuum [17,18].
It was also soon found that the key in understanding
the details of this reaction lies in the elucidation of
the mechanism for the conversion of NO to N2 on
the surface. Interestingly, the desorption of mole-
cular nitrogen from NO decomposition on Rh(1 1 1)
occurs in two stages, around 470 and above 500 K
[17,19,24–27]. Particularly puzzling is the fact that
the first TPD N2 peak at 470 K does not shift in
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temperature with changing coverages, a behavior
generally associated with first-order processes. Nev-
ertheless, experiments with different surface-sensitive
techniques [24–27] have shown that NO dissociation
occurs at quite low temperatures, below 300 K at low
coverages and around 450 K at high coverages. This
strongly suggest that the catalytic reduction of NO is
determined by the mechanism by which N2 is formed
on the surface.

Additional clues on the microscopic details of
NO conversion processes come from studies carried
out at moderate pressures [6,7,12,28]. It is worth
mentioning here that even though the commercial
Rh/Al2O3 automotive catalysts produce N2 exclu-
sively over a wide range of operating conditions
[13,21,22], the production of some N2O was detected
in the atmospheric-pressure single-crystal studies [7].
Fisher and co-workers [4,5,17,18,20,26], in their ini-
tial studies in the mid-eighties, proposed two separate
pathways for this, the generally accepted recombi-
nation of nitrogen atoms on the surface, and a dis-
proportionation between adsorbed NO and N which
could also account for the formation of the N2O.
Newer experimental data by Belton and co-workers
[6,7,12,28,29] argued that the latter does in fact not
occur on Rh(1 1 1), at least under vacuum. Neverthe-
less, questions on the nature of the rate-limiting step
and of the source for N2O production are still open to

Fig. 1. Left: raw data from a typical isothermal kinetic run of the type described in this report. Right: TPD spectra recorded after the
isothermal kinetic run. The heating rate used in the TPD was 10 K/s. Reaction rates and surface coverages can be calculated from these data
as described elsewhere [32,33]. Three regimes are distinguished in these experiments, namely, an initial transient right after the exposure
of the clean rhodium surface to the beam, a steady-state catalytic region, and a titration/TPD post-mortem analysis of the surface.

debate. Our experimental data support the idea of the
formation of N2O intermediates during the production
of molecular nitrogen.

2. Experimental

The experimental procedure used here for rate de-
terminations in the NO+CO/Rh(1 1 1) system is based
on exposing the clean rhodium surface to a molecular
beam with a specific premixed ratio of NO and CO
and on following the partial pressure of the different
gases of interest by mass spectrometry as a function
of time [30–33]. Our methodology is exemplified in
Fig. 1, which shows raw kinetic data for the evolution
of the partial pressures of N2, N2O (not detected ever
in these experiments), NO, CO and CO2 over time for
the case of a 1:1 NO:CO ratio and a reaction temper-
ature of 475 K. A series of actions are taken during
these experiments, as follows: (1) at timet = 10 s the
NO + CO molecular beam is turned on with the flag
in the intercepting position so the crystal is not yet ex-
posed directly to the beam. At this point the reactants
(NO and CO) are scattered throughout the vacuum
chamber, so their partial pressures increase up to new
steady-state values. (2) At approximatelyt = 20 s the
flag is removed from the path of the NO+ CO beam
in order to allow for its direct impingement on the



F. Zaera, C.S. Gopinath / Journal of Molecular Catalysis A: Chemical 167 (2001) 23–31 25

surface. This causes both a decrease in the partial pres-
sures of the reactants and an increase in the signals of
the products during the transition from a clean surface
to the steady-state. The dips in the CO and NO sig-
nals are proportional to their apparent sticking coeffi-
cient, and the CO2 and N2 pressure increases reflect
the rate of their formation. Notice that while a change
in the CO2 signal is seen immediately after unblock-
ing the beam, the signal for the formation of N2 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 happens within 50 s after
the unblocking of the beam. Neither the adsorption of
the reactants nor the desorption of the products change
with time under this steady-state condition. (4) During
the steady-state regime, the molecular beam is blocked
and unblocked deliberately by raising and lowering
the flag (at timest = 70 and 90 s in this example, re-
spectively) to check the reaction rate values. The clear
increases in the partial pressure of the reactants and
the accompanying drops in the partial pressure of the
products are proportional to the steady-state reaction
rates. (5) At aboutt = 140 s, the molecular beam is
turned off. After the partial pressures of reactants re-
turn to their background levels, the crystal temperature
is lowered below 250 K, and the surface is saturated
with CO if titration of the O atoms left on the surface
is to be performed. (6) Finally, the crystal temperature
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), CO2 (from CO+ O re-
combination), N2 and O2. The CO2 (from the titration
experiments) and N2 TPD traces allow for the calcu-
lation of the coverages of O and N atoms that remain
on the surface after stopping the steady-state reaction.
A more detailed discussion of this methodology has
been published elsewhere [15,16,32,33].

3. Results and discussion

Three regimes can be identified in the kinetic runs
described above: (1) a transient behavior within the
first 50 s or so after the initial removal of the flag from
the path of the beam; (2) the steady-state regime that
follows, where the NO+ CO conversion is catalytic
and (3) the subsequent TPD or CO-titration exper-
iments used to determine the concentration of the

different surface species during the reaction. Separate
and complementary mechanistic information can be
extracted from each regime.

The first thing that becomes clear from inspection
of the raw kinetic data is the fact that the production
of molecular nitrogen is rate limiting for the overall
NO reduction process. In particular, it is often seen in
these experiments that while the rate of CO2 forma-
tion responds immediately to changes (blocking and
unblocking) in the beam flux, the nitrogen desorption
traces do not. This can in fact be clearly observed in
Fig. 1 at t = 70 and 90 s. Nitrogen desorption rates
and half-life times can be estimated from the temporal
evolution of the N2 mass spectrometer signal right af-
ter the beam is intercepted (t1/2 ∼ 3 s in this case) [16].

Systematic measurements were carried out for the
steady-state reaction rates as a function of surface tem-
perature, NO+CO beam composition, and total beam
flux [15]. A summary of the resulting rates is provided
in Fig. 2. Maxima in reaction rates are observed some-
where between 450 and 900 K, the exact temperature

Fig. 2. Overall reaction rate for the15NO+ CO/Rh(1 1 1) reaction
as a function of temperature and15NO:CO beam ratio. The total
flux of the beam was kept constant in all these experiments at
F Total = 0.50 ML/s. A synergistic effect on reaction rates is seen
between the beam composition and the reaction temperature, and
reaction rate maxima are reached for beam compositions near
stoichiometric and for reaction temperatures between 500 and
600 K.
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depending on the NO:CO beam ratio, because a syner-
gistic behavior is seen between increasing CO concen-
trations in the beam and higher surface temperatures.
This behavior can be directly connected with changes
in the relative surface coverages for CO and NO on
the surface during reaction. A number of pieces of evi-
dence point to the fact that an optimum rate is reached
when those coverages follow the 1:1 ratio expected
from stoichiometric arguments, as discussed below.
The highest absolute reaction rate, which reaches a
value close to 0.02 ML/s, was obtained at 550 K and
with a 1:3 NO:CO beam composition. This represents
a reaction probability of almost 10%, given that the
total beam flux in this experiments was set atF Total =
0.50 ML/s.

Initial sticking coefficients were determined for
both NO and CO in NO+ CO mixtures as a function
of surface temperature and beam composition [16].
The changes ins0

NO with temperature in particular
are quite interesting, as they differ from those on
clean Rh(1 1 1) [19]. Specifically, the sticking prob-
ability for NO changes with both NO:CO ratio and
temperature (Fig. 3, left). This indicates that compe-
tition with CO alters the kinetics of NO adsorption.

Fig. 3. Initial sticking coefficients for the adsorption of NO (s0
NO, left) and CO (s0

CO, right) from NO:CO beams on Rh(1 1 1) surfaces as
a function of surface temperature and beam composition. The total flux was kept constant in all these experiments atF Total = 0.50 ML/s.
In general,s0

NO goes through a maximum at the conditions required for optimum surface stoichiometric NO and CO coverages, whiles0
CO

often starts to decrease at lower temperatures thans0
NO.

In general, the value ofs0
NO in NO + CO mixtures

is lower than that measured for pure NO (about 0.7),
but becomes comparable for close to stoichiomet-
ric (NO:CO = 1:3 to 1:7) mixtures and moderate
(500–700 K) temperatures. Similar arguments can be
made for CO, for which the initial sticking coefficient
is seen to decrease significantly above about 500 K
(Fig. 3, right). Since CO sticking is less probable
than NO adsorption in all cases, more CO in the gas
phase is required to compensate for this, so that a
stoichiometric surface composition can be reached.

In addition to the differences in sticking coefficients,
differences in adsorption energies between NO and
CO on Rh(1 1 1) are also of great significance to the
establishment of the appropriate steady-state surface
coverages of the reactants, and as a consequence, to
the steady-state reaction rates. Again, the adsorption of
NO is clearly stronger than that of CO, as evidenced by
the fact that CO is displaced by NO [16]. From both the
dependence of the steady-state rates on coverage and
temperature (Fig. 2) and the transient behavior of this
system (see below), the energy of adsorption of NO
was estimated to be approximately 11.5±1.0 kcal/mol
higher than that of CO. This is the reason why the rate
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of NO + CO conversion is optimum with somewhat
CO-rich beams.

A number of systematic variations in the transient
correlate well with the overall steady-state reaction
rates [16]. Specifically, there is a time delay in the
production of molecular nitrogen because of the need
to build up a threshold atomic nitrogen coverage on
the surface before the start of the reaction. The cov-
erage of this nitrogen, as calculated by the time delay
in the transient state, corresponds to that observed by
TPD afterwards (see below). That coverage increases
at a given temperature as the beam becomes richer in
CO. Coverage differential parameters (1ΘTrans), as
defined by the coverages of the surface species (ni-
trogen and oxygen atoms) deposited during the ini-
tial stages of the reaction minus those expected if
steady-state were to be reached immediately after the
start of the reaction, were found to correspond with
the behavior of the steady-state rates as a function
of temperature and beam composition. The data for
the case of nitrogen are shown in Fig. 4. These data
were used to estimate the adsorption energy difference
between CO and NO reported above.

The relation between the steady-state NO+ CO
conversion rates and the nitrogen coverages proved
to be reasonably complex [32]. This is so at least in

Fig. 4. Left: method used to calculate1ΘTrans, as given by the shaded areas. Right: transient nitrogen coverage differential as a function
of temperature and beam composition. There is a clear demarcation in behavior between NO-rich (4:1 to 1:7) and CO-rich (1:15 to 1:99)
beams. Steady-state reaction rates reach a maximum with all beam composition when1ΘTrans is close to zero.

part because two types of kinetically-different nitro-
gen atoms were identified on the surface (Fig. 5). On
the one hand, the deposition of a critical coverage
of strongly-bonded nitrogen is required for the start
of the N2 desorption step, as mentioned above. This
threshold coverage is quite large at low temperatures,
amounting to over half a monolayer around 400 K, but
decreases abruptly above 600 K, and is fairly insensi-
tive to the ratio of NO to CO in the reaction mixture.
On the other hand, an additional small amount of
nitrogen appears to be present on the surface during
catalysis but to desorb rapidly after the removal of
the gas-phase reactants (the blocking of the beam).
The NO reduction rate displays an approximately
first-order dependence on the coverage of these latter
labile N atoms.

Isotope switching experiments indicated that the
two kinetically-different nitrogen species are not likely
to represent different adsorption sites, but rather simi-
lar adsorption states with adsorption energetics modi-
fied by their immediate surrounding environment on
the surface. The effect of isotopic switching on the sur-
face coverages of the different nitrogen isotopes could
be explained by a kinetic model in which the nitrogen
atoms form surface islands. Indeed, the time depen-
dence of the removal of one type of surface nitrogen
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Fig. 5. Nitrogen steady-state coverages as a function of reaction temperature and beam composition. Strongly-bonded nitrogen coverages
(left) were calculated from TPD data (left inset), while weakly-bonded nitrogen coverages (right) were estimated from data obtained by
blocking the beam during the steady-state portion of the kinetic runs (right inset). Note that the coverage of the strongly-held nitrogen
decreases sharply with reaction temperature. The coverage of the weakly-bonded reactive nitrogen is usually low, never exceeding 0.2 ML,
and peaks around 500–600 K and close to stoichiometric NO+ CO mixtures.

(14N) by the other (15N) was successfully simulated
by assuming preferential reactivity from the periphery
of such islands together with a small but finite proba-
bility for atoms in the core to reach such island edges
[32]. Both the data and the corresponding results from
our simulation of the time evolution of the coverages
of 14N and15N on the surface are shown in Fig. 6.

Finally, in addition to the studies on the time evolu-
tion of the surface coverages of the different types of
nitrogen, mechanistic information was also extracted
from our measurements of steady-state nitrogen for-
mation rates as a function of the time delay after
isotopic switching [34,35]. One of the most impor-
tant results from such studies is that, upon switching
14NO to 15NO (which could be done in a period of
time as short as 3–4 s), no14N14N is ever produced;
the removal of14N from the surface occurs via the
exclusive formation of14N15N. Fig. 6 displays the
steady-state rates of formation for all three nitrogen

molecule isotopomers as a function of the time1t
the14N-covered surface is exposed to the15NO+CO
beams. The implication from these results is straight-
forward: the production of molecular nitrogen on
rhodium under steady-state catalytic conditions must
involve an undissociated nitrogen monoxide molecule.
Otherwise (that is, if N2 is produced by recombination
of two surface nitrogen atoms [14,15]), significant
amounts of14N14N would be produced right after the
isotope switching, because at that point the surface
is mostly covered with14N. The most likely way for
the undissociated NO to participate in molecular ni-
trogen formation is via the formation and subsequent
decomposition of an N–NO surface intermediate.

The mechanistic picture that emerges from these
studies can be summarized as follows (Fig. 7). First,
a threshold coverage of atomic nitrogen builds up in
the form of surface islands during the transient from
clean rhodium to the steady-state regime. Since the
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Fig. 6. Evolution of the14N14N, 14N15N and15N15N production rates (filled symbols), and of the14N and15N surface coverages (hollow
symbols), during the steady-state reduction of NO with CO on Rh(1 1 1) as a function of the time1t the 14N-covered surface is exposed to
15NO+ CO beams. The original14N is slowly replaced by new15N, but only via the formation of14N15N (no 14N14N is ever detected).
This implies that molecular nitrogen must be produced via the formation of an N–NO intermediate.

reactivity of the surface species is affected by their
coverages, those nitrogen islands need to acquire a
critical size before the catalytic cycle can be sustained.
Once that point is reached, however, new incoming
NO molecules can diffuse to the edges of the islands,
and form N–NO surface complexes before dissoci-
ating into N2 (g) and O (ads). The atomic oxygen
byproduct of this step is quickly removed in the form
of CO2 by the CO in the gas mixture, and the nitrogen
vacancy generated is replenished via the dissociation
of a new NO molecule followed by another CO+ O
recombination step. The overall catalytic cycle can
then be repeated indefinitely.

Our conclusion has significant implications for the
mechanism of catalytic NO reduction processes. In
particular, the production of N2 via an N–NO interme-
diate argues against N2 and N2O originating from par-
allel mechanisms [14], and precludes the possibility of

tuning the selectivity of NO reduction via changes in
NO surface concentration. It is important to point out
that the N+ N → N2 reaction is in fact quite feasi-
ble on Rh(1 1 1) [29,35], and that at low-temperatures
(T < 500 K) N2 formation from NO does not appear
to involve a direct N–NO interaction. Our results only
indicate that atomic nitrogen recombination is not the
dominant step in nitrogen production during the cat-
alytic reduction on NO [15,32]. Importantly, results
from high pressure catalytic studies on the reduction
of NO with CO over Rh(1 1 1) have shown no signi-
ficant dependence of the N2/N2O yield ratio on either
NO or CO partial pressures or temperature over a wide
range of conditions [36]. Since this is what would be
expected if the formation of both products involves
a common intermediate, the high pressure work vali-
dates our mechanism, and suggests that it may remain
applicable under more realistic conditions.
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Fig. 7. Schematic depiction of the kinetic model proposed to explain the results obtained in this study. The two key features of this model
are: (1) the formation of nitrogen islands and (2) the preferential reaction of the edge N atoms with incoming NO molecules to form N2

via a N–NO surface intermediate.

4. Conclusions

A summary of our molecular beam work on the
catalytic reduction of NO by CO on Rh(1 1 1) single
crystal surfaces has been provided. Some interesting
conclusions were reached. First, it was found that,
since NO adsorbs more strongly on the surface than
CO, CO-rich gas mixtures are required to optimize
the rate of reaction. It was also determined that the
effect of changing gas composition can be partially
compensated by changes in reaction temperature,
although this cannot be taken to extremes because
other pathways (CO poisoning, O deposition) may
become operative. Second, it was concluded that, un-
der steady-state conditions, the surface of the metal
catalyst is mainly covered with atomic nitrogen. Even
though most of this nitrogen is strongly adsorbed on
the metal, its energy of adsorption is modified by the
local surface arrangement of atoms in such a way so
its reactivity is increased. We propose that this hap-
pens via the formation of adsorbate islands, the peri-
phery of which react with incoming NO molecules to
produce molecular nitrogen. Finally, isotopic labeling

experiments strongly suggest that the N2 production
rate-limiting step occurs via the formation of a N–NO
surface intermediate. Accordingly, the selectivity of
a given catalyst towards nitrogen formation may de-
pend mostly on its ability to preferential break the
N–O bond of that N2O intermediate before it desorbs.
Although, these experiments have been carried out
on a model surface and under vacuum conditions, the
resulting steady-state catalytic behavior is likely to
reflect that seen under more realistic conditions.
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