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Steady-state rates for the chemical conversion of NO + CO + O,
mixtures on Rh(111) surfaces have been measured by using a molec-
ular beam setup with mass spectrometry detection. The changes in
the partial pressure of reactants (NO, CO, O,) and products (N,
and COy) have been used as a measure of the reaction rates for
temperatures between 435 and 766 K and varying beam composi-
tions around those observed in automobile exhausts. The addition
of oxygen was found to inhibit the activity of the rhodium catalyst
toward NO reduction in most cases, as expected. The reason for
this behavior, however, was determined not to be the consumption
of some of the CO in the mixture by the added O, but rather a
poisoning of the adsorption of CO by adsorbed atomic oxygen. In
fact, oxygen addition to the NO + CO mixtures reduces not only
the rates of N production, but also those of CO, formation. More-
over, NO was proven to always compete favorably against O, for
the consumption of CO. Optimum reaction rates for the production
of both N2 and CO; are reached at temperatures around 500-600 K
and under conditions leading to stoichiometric coverages of all re-
actants. An interesting consequence of this is the fact that with
CO-rich mixtures the addition of oxygen sometimes actually facili-
tates, not poisons, NO reduction, presumably because it helps in the
removal of the excess CO from the surface. A synergy was observed
in terms of reaction rate maxima between temperature and beam
composition, CO-richer mixtures requiring higher temperatures to
reach comparable reaction rates. This is explained by a decrease
in CO surface coverage because of the increase in desorption rate
with temperature, a trend that also explains the gradual increase
in poisoning of the NO reduction activity of Rh by molecular oxy-
gen with increasing temperature. Studies on the reaction between
CO and O were also carried out in order to isolate and identify
the contributions of the surface oxygen deposited by dissociation of
molecular oxygen and by NO to the production of CO,, and alter-
nations between oxygen-rich and oxygen-lean beams were used to
test cyclic processes as a way to better manage NO reduction under
net oxidizing atmospheres.  © 2001 Academic Press
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1. INTRODUCTION

The reduction of NOy in gas exhaust emissions from
automobiles and stationary sources is one of the key en-
vironmental problems of our century (1, 2). This has tra-
ditionally been accomplished by using the so-called three-
way catalyst, a combination of Pt, Pd, and Rh particles on
high-surface-area supports such as alumina (3-5). In these,
the presence of rhodium in particular is indispensable be-
cause of its efficiency in reducing nitrogen oxides (6, 7). A
better understanding of the unique ability of Rh to pro-
mote such reactions should help in the search for cheaper
alternatives. Lately, attention has been shifted toward pro-
moting NO reduction under fuel-lean (net-oxidizing) set-
tings, as future generations of fuel-economy and/or diesel-
based automobiles are likely to operate under those more
efficient conditions. Although there are already a number
of reports available on this subject (8-10), development
of the basic knowledge needed to design better commer-
cial catalysts from first principles still requires significant
additional work. In a continuing study in our laboratory to
characterize the detailed kinetics and mechanism of NO re-
duction (11-17), here we report the kinetics of that reaction
under oxidizing conditions on Rh(111) single crystals.

The reduction of NO on rhodium surfaces has already
been the subject of extensive studies by the surface science
community (18-53). Temperature-programmed desorption
(TPD) (25), X-ray photoelectron spectroscopy (22), sec-
ondary ion mass spectrometry (SIMS) (22, 42), and vibra-
tional spectroscopy (HREELS) (24, 28) have all been used
to show that NO dissociation occurs at quite low tempe-
ratures, below 300 K at low coverages, ruling out that step
as rate-limiting for N, production. Beyond this, however,
the remaining aspects of the NO reduction mechanism are
still the source of some debate. For instance, it is not clear
how molecular nitrogen is actually produced on the sur-
face. It has been traditionally assumed that after NO dis-
sociation, the resulting nitrogen surface atoms diffuse and
recombine toyield N, (31). The alternative idea of a recom-
binatory step between atomic nitrogen and adsorbed NO
to form an N,O-like intermediate was initially rejected by a
series of elegant isotope-labeling temperature programmed
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desorption (TPD) experiments with coadsorbed NO and ni-
trogen (32). However, some more recent isothermal work
in our laboratory strongly argues in favor of that mecha-
nism in actual NO reducing catalytic processes (15). Also,
the issue of the factors that determine the selectivity be-
tween N, and N,O production has not been resolved. That
selectivity appears to depend in a complex fashion on the
relative coverages of all the surface species involved (36).

A significant number of papers has also been aimed at
elucidating the role of the reducing agents (53-55), CO
in particular (27, 29, 30, 34, 40, 41, 56, 57), on the overall
catalytic conversion of NO to molecular nitrogen. The most
prevalent hypothesis is that the role of the reducing agent is
to facilitate the rapid removal of the surface oxygen atoms
by-product of NO dissociation. However, none of the hy-
pothesis put forward so far has been able to account for
all the experimental observations, and a better Kinetic de-
scription of this system is still very much in demand. In
addition, the NO reduction scenario is expected to change
under fuel-economy conditions, where there is less emis-
sion of reducing agents and more oxygen in the exhaust
gas. For instance, it has been suggested that the extent of
NO dissociation decreases on oxygen-covered Rh surfaces
compared to the clean metal (25, 29), but no direct evid-
ence of this is available to date.

In order to address the kinetic issues still unanswered
in connection with the NO 4 CO reaction on rhodium, we
have recently carried out isothermal kinetic experiments
with molecular beams on Rh(111) single-crystal surfaces
between 350 and 1000 K and NO : CO ratios between 4 and
0.01 (12-17). A maximum in the steady-state rate of this
reaction was observed between 450 and 900 K depending
on the NO: CO beam ratio (12). A synergy was seen in this
system, where the loss in reactivity induced by increasing
the CO concentration in the beam is partly compensated by
a higher surface temperature. The role of adsorbed nitro-
genatoms during the catalytic conversion of NO on Rh(111)
was also probed (13). Our study clearly identified two types
of Kinetically different nitrogen atoms on the surface. On
one hand, a critical coverage of what we denoted strongly
bonded nitrogen is required in order to sustain the cata-
lytic production of N». This threshold coverage can be quite
large, up to half a monolayer, at low temperatures, but de-
creases abruptly with increasing reaction temperature. In
addition, an additional small amount of more labile nitro-
gen was determined to be present on the surface during
catalysis but to desorb rapidly after the removal of the gas-
phase reactants. The latter was determined to be the one
responsible for the production of molecular N, since the
NO + CO conversion rate isdirectly proportional to its cov-
erage. A direct correlation was identified between the rates
in the steady-state regime and the transient when starting
with a clean surface (14). Finally, isotope switching experi-
ments provided evidence for the formation of atomic nitro-
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gen surface islands (13). A model was proposed where the
reactivity of the nitrogen atoms is determined by the local
spatial distribution of those adsorbates, the atoms on the
perimeter of the islands being the ones more readily avail-
able. N, formation was inferred to take place via a reaction
with fresh NO molecules adsorbing from the gas phase to
form a N-NO-type intermediate (15, 58).

In the present paper, we report results on the Kkinetic
details of the conversion of NO + CO + O, mixtures be-
tween 435 and 766 K for both fuel-rich and fuel-lean beam
compositions. Our study suggests that (1) the maximain NO
decomposition and nitrogen production rates are reached
under conditions leading to stoichiometric surface cover-
ages of the reactants; (2) poisoning of the NO reduction re-
action by oxygen addition is accompanied by a reduction in
CO, production, and it is not due to a competition between
the two reaction; (3) instead, the inhibiting role of oxygen
is to block adsorption sites for NO and CO; (4) oxygen can
have a beneficial role in the NO reduction process with CO-
rich mixtures, because it can help in the removal of excess
adsorbed CO from the surface; and (5) NO reduction may
be managed effectively by alternating the composition of
the reaction mixture between oxygen-rich and oxygen-poor
conditions for short intervals of time, by taking advantage
of the associated transient kinetics.

2. EXPERIMENTAL

All the experiments reported here were performed in a
6.0-L stainless-steel ultrahigh-vacuum chamber evacuated
with a 170 L/s turbomolecular pump to a base pressure of
about 2 x 107° Torr. This system is equipped with a UT]I
100C quadrupole 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
(12, 59, 60). Briefly, the doser, a 1.2-cm-diameter array of
parallel microcapillary glass tubes (10 «m in diameter and
2 mm in length), aimed directly at the surface, is connected
to a calibrated volume via a leak valve and a second shut-
off valve which isolates it from the main vacuum vessel.
The beam flux is set by filling the backing volume to a spe-
cific pressure, as measured by an MKS baratron gauge, and
by adjusting the leak valve to a predetermined set point.
A total flux of 1 monolayer per second (ML/s) was used in
the steady-state experiment reported here unless otherwise
specified. A movable stainless-steel flag is placed between
the surface and the doser in order to intercept the beam at
will. The contribution from the background to the measure-
ments of the reaction rates was deemed to be less than 10%
of that from the direct beam by independent calibration
experiments (12, 59), and was removed from our calcula-
tions of the steady-state rates by intercepting the gas beam
at given intervals and by measuring only the changes seen
between the turning on and off of the beam.
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A five-way valve was also fitted to the gas handling sys-
tem in order to carry out fast beam switching experiments.
The common port of the valve is used to connect the doser
to either one of two gas reservoirs or the roughing pump,
which are attached to the other four ports. Those four ports
are set in a rectangular pattern; only one port can be con-
nected to the beam at any time. In order to minimize any
cross-port flow during beam switching, two of the oppo-
site ports were connected to the roughing pump and the
other two to the two independent gas reservoirs contain-
ing the two different gas mixtures. In experiments with one
single beam composition, only one of the reservoirs was
connected to the beam until the end of the experiment, at
which point the valve was switched to the pump by 90° ro-
tation of the main handle. In experiments where the gas
composition of the beam needed to be changed rapidly, the
valve was flipped twice (two 90° turns) within a second, first
to one of the pumping positions, and then to the second gas
reservoir.

The solid sample, an approximately rectangular (1.10 x
0.56 cm?) Rh(111) single crystal, was cleaned in situ, ini-
tially by Ar* ion 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 could be reproduced (25,
42). The crystal, which could be heated resistively and/or
cooled by using a liquid nitrogen reservoir to any temper-
ature 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 (59, 61). The surface temperature was
monitored continuously by a chromel-alumel thermocou-
ple spot-welded to the back of the crystal, and kept constant
during the kinetic runs with a homemade precision temper-
ature controller. TPD spectra were recorded at a constant
heating rate of 10 K/s. Isotopically labelled **NO (CIL, 98%
N purity), regular CO (Matheson, 99.9% purity), and oxy-
gen (Matheson, 99.9%) were all used as supplied. The pres-
sures of the gases in the vacuum chamber were measured
with a nude ion gauge, and were calibrated for differences
in ionization sensitivities (62).

The time evolution of the partial pressures of up to
10 different species, including N,O and NO,, was fol-
lowed simultaneously in our kinetic runs 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 signals for nitric oxide, nitrogen, oxy-
gen, carbon monoxide, and carbon dioxide were calibrated
independently, as described elsewhere (12, 13). Since only
1®N-labelled nitric oxide was used in this work, we will refer
to 1°NO, °N,, and *N simply as NO, N, and N, respectively,
hereafter. NO : CO : O, beam compositions are represented
as x:y:z ratios in the following text unless otherwise
specified.
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3. RESULTS
3.1. General Considerations

Kinetic runs were carried out for the NO + CO + O,/
Rh(111) system in a manner similar to that reported in our
previous publications (11-17, 59, 60, 63-65). As an exam-
ple of the results obtained with this approach, Fig. 1 shows
raw kinetic data for the evolution of the partial pressures
of BNO, CO, 0,, ®N,, and CO; over time for the case
of a ’NO : CO : O, molecular beam of 1:7:2 composition
as the reaction temperature was varied between 435 and
765 K. The sequence of events in these experiments is as fol-
lows. First, the temperature of the substrate is set at 435 K.
Then, molecular beam is turned on (at time t=2 s) while
keeping the flag in the intercepting position so the crys-
tal is not yet exposed directly to the gas stream. Because
of the scattering of the molecules from the flag into the
vacuum chamber, this leads to increases in the respective
partial pressures of the reactants (CO, O,, and ®NO) to
new steady-state values. Notice that the partial pressure
of CO, does increase somewhat at this point too because

] ®NO+CO+0,/Rh(111) Steady-State Kinetics
Raw Data, 435 - 765 K Temperature Range
505 K 555 K

435K ; , 615K , 685K 765K
=1 I T T T T

/m | } No:coo,=1:7:2
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150 200 250
Time/s
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FIG.1. Typical raw Kinetic data of the type described in this re-
port. An effusive collimated *®NO + CO + O, molecular beam (of 1:7:2
BNO:CO: 0, composition in this example) is directed onto a clean
rhodium(111) surface as the temperature is swept in steps between 435
and 765 K and the partial pressures of both reactants (*NO, CO, and O,)
and products (**N and CO,) are followed as a function of time. The beam
is occasionally blocked and unblocked in order to measure the steady-state
rates due to the gases in the beam directly, as they are proportional to the
drop in partial pressure of the products and/or the rise in partial pres-
sure of the reactants from their steady-state values. Note the following:
(1) the instantaneous changes in CO; signal with blocking and unblock-
ing of the beam, in contrast with the slower response of the N, trace;
(2) the additional N, desorption seen when the temperature is raised
from 505 to 555 K and from 555 to 615 K; and (3) the different behav-
ior of the O, uptake curve, which shows significant changes only at high
temperatures.
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of the conversion of the background gases. Next, the flag
is removed from the path of the beam (at approximately
t=125) in order to allow for its direct impingement on the
surface. This causes a transient where both decreases in the
partial pressures of the reactants and increases in the sig-
nals of the products are seen before all pressures reach the
new steady-state levels corresponding to the catalytic pro-
cess. Notice in particular that while a jump in the CO; signal
is seen immediately after the unblocking of the beam, the
signal for the formation of N rises (slightly) only after a
delay of about 5 s from that point. Some CO desorption is
also seen near the flag-removal point due to displacement
of some adsorbed CO by the incoming NO, a phenomenon
already reported for NO + CO mixtures (14).

The system is allowed to evolve until a steady state is
reached, which generally happens within less than 30 s of
the unblocking of the beam under the experimental condi-
tions employed here. At that point, all the signals level off
except for that of NO, which continues to rise because of
the poor pumping speed of the vacuum apparatus for this
molecule; this latter effect does not represent any chemical
change in the system, and does not affect our rate mea-
surements. Once the steady state has been established at
a given temperature, the rate is measured by blocking the
beam for a few seconds and then unblocking it again to
restore the original steady-state level. For example, during
the steady-state regime at 435 K (the initial temperature)
the molecular beam was blocked deliberately by raising the
flag at t=235 s, and unblocked again at t=49 s. Typically,
there are detectable increases in the partial pressures of
the reactants and accompanying drops in the partial pres-
sures of the products during the period where the beam is
blocked; those were used here to calculate the steady-state
rates of the reaction at that temperature (12-14, 59). After
the rate measurements for a given temperature have been
made, the crystal is quickly heated (within a few seconds)
to the next temperature, and the system is allowed to stabi-
lize again before measuring the new steady-state rate. This
procedure is repeated for several temperatures, up to 765 K
in this example. Finally, the molecular beam is turned off,
at about t=265 s in Fig. 1.

An important observation from the experimental se-
guence depicted in Fig. 1 is the difference in behavior of
the NO, CO, and oxygen traces in terms of the extent of the
adsorption of those gases at the different temperatures. For
instance, at 555 K, where the CO, rate maximum is observed
in this example, the rate of NO adsorption also reaches a
maximum, but that of oxygen adsorption is still quite small.
As the reaction temperature is increased, however, both
the steady-state rates and the extent of the adsorption of
NO and CO decrease, but an increase in oxygen adsorp-
tion is clearly seen instead. No detectable NO adsorption
or nitrogen production is observed by 765 K, yet oxygen
and CO are still consumed and CO; is still produced at that
temperature. Another interesting observation to be noted
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is the transient increase in nitrogen partial pressure at the
points where the temperature is raised from 505 to 555 K
and from 555 to 615 K. This is a consequence of the des-
orption of the strongly bonded nitrogen coverage (®y) that
builds up and remains on the surface under steady state at
the lower temperatures (12, 13). Finally, no signal for °N,O
(46 amu) was ever observed during any of the Kinetic runs
reported in this paper.

The possibility of any hysteresis in the behavior of the
NO + CO + O, conversion on Rh(111) was tested by ramp-
ing the temperature of the surface in both up and down
directions. Figure 2 displays the changes in rates seen for
a beam of 1:7:2 NO:CO: 0O, composition and Fiota =
0.25 ML/s as a function of temperature. Three consecu-
tive sequences are shown in this figure, namely (1) a for-
ward ramping from low to high temperatures starting with
the clean metal; (2) the accompanying reverse sequence
from high to low temperature; and (3) a third ramp from
low to high temperatures performed immediately after-
ward. The rates of nitrogen production display a total re-
versible behavior: identical values were measured at any
given temperature in all three sequences. The rates of CO,
production, on the other hand, do display some notice-
able variations. Specifically, higher CO, desorption rates
were measured when starting with a clean metal, even
though no differences were seen in the kinetics of the
NO + CO + O, conversion with temperature once the sur-
face was exposed to the reactants at high temperatures re-
gardless of whether the measurements were carried out un-
der heating or cooling conditions. The results reported in
the remaining of the paper were obtained by starting with
the clean metal and ramping toward higher temperatures.
A few Kinetic measurements were made by starting with
the clean metal at different high temperatures and sub-
sequently cooling to low temperatures. In that case, the
temperature at which the rate of N, production reaches
its maximum shifts from 555 to 505 K, while that for CO,
formation peaks at the same temperature. Clearly, some dif-
ferences in reaction rates are seen depending on the history
of the catalyst. This fact will be addressed in the Discussion
section.

Systematic studies to measure steady-state rates for the
NO 4 CO + O; reaction on Rh(111) surfaces as a func-
tion of beam composition were performed with three dif-
ferent sets of beam compositions, namely (a) with 1:9:z
NO:CO:O;ratios, z=0t010; (b) with1:y:5NO:CO: O,
ratios, y=4 to 19; and (c) with 1:y:z NO:CO:0O; ra-
tios, y=9to 4 and z=9 — y=0 to 5. These composition
ranges were chosen to simulate the gases encountered in
real-world automotive exhaust processes under both fuel-
lean and fuel-rich conditions. Additional studies with pure
CO + O, mixtures were also carried out under similar con-
ditions for comparison. In order to contrast the behavior
of the NO + CO + O, mixtures with those of the CO + O,
beams, the NO+ CO reaction was considered to be
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CO; (a, left panel) and *N, (b, right panel) production rates versus temperature measured for a 1:7:2 NO: CO : O, beam on Rh(111) as

the clean surface is sequentially heated from 435 to 765 K, cooled back to 435 K, and heated a second time. The total beam flux used in this experiment
was Frora = 0.25 ML/s. Note that while the same rate is observed for N, production at any given temperature irrespective of the history of the process,
that is not true in the case of CO, formation, where the clean surface displays considerably higher rates at low temperatures than the contaminated

substrate.

stoichiometric, so kinetic trends measured using CO + O,
mixtures with y—1:z CO:O; ratios were compared to
those for 1:y:z NO:CO: O, beam compositions. The re-
sults of all these studies are summarized below.

3.2. 1:9:2NO:CO: 0, Beam Compositions, z=0 to 10

Figure 3 displays the time evolution of the CO, (left
panel, a) and N (right panel, b) production traces during
exposure of the Rh(111) surfaces to NO:CO: O, beams
with 1:9:z compositions (z=0, 1, 3,5, 7, and 10) at crystal
temperatures between 435 and 765 K. A slow conversion
can be catalytically sustained even at 435 K in these cases, al-
though there is no noticeable drop in the partial pressures
of N2 when blocking the beam at 435 K. Indeed, a little
CO; production is observed throughout the reaction for all
z values. Isothermal kinetic results from surfaces exposed
to either NO or NO + CO beams under these conditions
have indicated that the desorption of N starts only at tem-
peratures above 450 K (11-14), so it can be concluded that
the presence of oxygen in the beam changes the threshold
temperature for catalysis.

A significant increase in reactivity is seen in Fig. 3 when
the crystal is heated above 505 K: there are clear changes
in the partial pressures of both N, and CO, as the beam
is blocked and unblocked at that temperature. It is impor-
tant to note that the NO + CO + O, conversion rate does

display a finite value even when the beam is blocked be-
cause of the conversion of background gases. However, this
latter contribution amounts to only 10% or less of the rate
seen with the direct beam (compare the N, partial pressures
at 435 K with those while the beam is blocked at any other
temperature to estimate the rates due to background ad-
sorption), and can be easily subtracted by considering only
the differences in rate between the points with the flag in
the raised and lowered positions. Two important observa-
tions are worth mentioning in reference to the datain Fig. 3.
First, the reaction rate, which is proportional to the changes
inthe partial pressure of the products, increases rapidly with
temperature until reaching a maximum at about 555 K. Sec-
ond, between 505 and 615 K, the transient kinetics for N,
and CO;, production are quite different. For instance, when
heating from 505 to 555 K (t =115 s) and from 555 to 615 K
(t=165 s), the N, desorption rate first increases abruptly,
and then slowly stabilizes to its new steady-state value. As
mentioned before, this is mainly due to desorption of the
strongly bonded nitrogen that builds up on the surface at
low temperatures.

A summary of the reaction rates obtained for the produc-
tion of CO; (left panel, a) and of N; (right panel, b) with the
1:9:zNO: CO: O, heamsisshown as a function of temper-
ature and beam composition in Figs. 4 and 5, respectively. It
is seen there that the maximum reaction rates for the pro-
duction of both CO; and N, are achieved around 555 K, and



NO + CO + O, REACTION KINETICS ON Rh(lII)

[
'>NO+C0+0,/Rh(111) Steady-State Kinetics
Effect of Oxygen Addition to Beam. NO:CO:0, = 1:9:z

(a) CO,, (44 amu)

435 KI 505K | 555 K 635 K
1

(b) 2:N,, (30 amu)

435 K 505 K 555 K 685 KI

|1k|lllllllll]ljlllilllllll

Partial Pressure / arb. units

I 615K ?65K
10 i
th\'“ N,

Jwﬂ M
jﬁ\_rjmhj\“ux_ﬁ
N3 . Jflwﬁ P

,\r\wmf UMy U
;MI/MNTT\*“\_

I
515K 765 K

Zj,_.f‘i’\'-kﬂ o

\

3 i |"'I I
....-r'l L f L |Hrﬂ'\-..,_
/”1'“ . S _Jmk:m.,..
’ / Aol » ‘..-! I | r“\.. f
/,HF e "™ ‘\* i} iy

._ (U0 S U R L|
I T

0

LA B B B L B

50 100 150 200 250
Time/s

[T T T[T T T T[T T T T[T T T T TTTT[TT

0 50 100 150 200 250
Time/s

275

FIG.3. Time evolution of the partial pressure of the products, CO; (a, left panel) and **N; (b, right panel), in kinetic experiments such as that
described in Fig. 1 at temperatures between 435 and 765 K. 1:9:z ®NO: CO: O, ratios were used in this set of experiments, with z varying from 0 to
10. CO;, production is seen at all temperatures, but N, formation ceases at high temperatures with increasing oxygen concentration. As in Fig. 1, a slow
response is seen at low temperatures in the N, trace upon blocking and unblocking of the beam, and desorption of additional nitrogen is seen as the
temperature is raised from 435 to 615 K.
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FIG. 4. Temperature dependence of the steady-state rates of formation of the products, CO; (a, left panel) and N, (b, right panel), during the
conversion of NO + CO + O, mixtures on Rh(111) as a function of beam composition. These data were extracted from the raw partial pressure traces
in Fig. 3 after appropriate calibration. Both rates increase from 435 K until reaching maxima somewhere between 555 and 615 K, after which they
decrease again. The reaction rate maxima shift to lower temperatures with increasing oxygen concentration in the beam.



276

GOPINATH AND ZAERA

0.07 1 | 4
1 ®NO+CO+0,/Rh(111) Steady-State Kinetics
0.06 1 Effect of Oxygen Addition to Beam. NO:CO:0, = 1:9:z
0.05 _ (a) Rcoz H: (b) 2.HN2
‘@ 1 o9~
= lg- ] o 436K
= 0.04 1 N B~ 3 o 505K
2 ] .‘\\ é T 1 1 555K
@ . T e {m
T 003 {p*” e T {\e " essk
- | w0 4 7esK
§ 608 Jac ‘m._ﬁ\m (] i ] 9 N \\\
o ] A 0 T I -
! . B LA m =
0.01 e A L i - y [.
ik A —al X " ;
{o- 0_)‘_2...-0 ~O0 === W= ? : w\.;.__\n.:_...-------- e 290
] _ o —m
O'Ood'l"'w" T B e R T I"_'-T''Q'-'-]T""'l '|‘
0 2 4 6 8 10 0 2 4 6 8 10

0,:NO Ratio (2)

FIG. 5.

0,:NO Ratio (2)

Composition dependence of the steady-state rates of formation of the products, CO; (a, left panel) and N, (b, right panel), during the

conversion of NO + CO + O, mixtures on Rh(111) as a function of reaction temperature. These data are the same as in Fig. 4, but are displayed as
a function of O,-to-NO ratio in the beam to highlight the competing nature of the CO + NO and CO + O, reactions. Note that CO, production is
approximately constant at 555 and 505 K regardless of oxygen content in the beam, but that it decreases with O, partial pressure at higher temperatures.
Perhaps more interesting is the initial marginal activity increase in both CO, and N, production observed at 505 K with increasing O, fraction in the

beam.

that those rates then decrease slowly at higher temperatures
for all values of z. A number of points are to be made here:
(1) as the oxygen concentration increases, the rate max-
ima shift slightly to lower temperatures, from 555-615 K
at z=0 to 505-555 K at z=10; (2) the absolute rates also
decrease with increasing oxygen concentration, in particu-
lar those for N, production; (3) the drops in CO; and N,
production rates with increasing oxygen concentration are
more noticeable above 550 K (at lower temperatures they
remain almost constant, at least in the case of CO, forma-
tion); and (4) there is a clear qualitative change in behavior
around z = 3, the effect of oxygen on reaction rates being
significantly more important with higher O, concentrations
in the beam. Note that z = 4 corresponds to a stoichiometric
mixture in these beams.

One additional thing to point out from the data in Figs. 3
to 5 is the fact that the N, : CO, production ratio observed
experimentally is in most cases higher than that expected
from stoichiometric arguments. We attribute this difference
to the competitive nature of the adsorption of NO, CO, and
O.. It would appear that NO adsorbs preferentially (com-
paredto O,), at least at intermediate reaction temperatures.
This can be seen directly in Fig. 1 by the large changes in
NO partial pressure relative to those for O, when the beam
is blocked. Reaction rates closer to stoichiometric are seen
at high temperatures and for high values of z.

3.3. Other Beam Compositions

The reaction rates measured for CO; (left panel, a) and
N, (right panel, b) production as a function of composition
(and temperature) for the 1:y:5 NO:CO: O, beams are
plotted as a function of CO: O, ratio in Fig. 6. The NO: O,
ratio chosen here, 1:5, is close to that seen in automobile
exhausts, so switching between fuel-lean and fuel-rich con-
ditions could then be easily emulated by adding CO (y=4
to 19) to the beam. In this set of experiments, the maximum
rate of reaction shifts toward higher temperatures as more
CO is added to the beam. Other points to be noted : (1) the
rate maximum becomes less sensitive to temperature with
increasing CO in the beam; (2) above 550 K addition of CO
to the beam leads to an increase in CO, production rate, but
at lower temperatures the rate decreases with increasing y
once it reaches its maximum value; (3) a similar, although
less marked, trend is seen in the production of Ny, but the
rate of nitrogen production changes little when the beam is
rich in CO (y > 10) between 505 and 615 K; and (4) at high
temperatures (T > 700 K), the oxidation of CO by oxygen
is the only reaction observed; no nitrogen is produced.

In another set of experiments, the concentrations of CO
and O, were changed simultaneously while the absolute
NO concentration was kept the same. 1:y:z2 NO:CO: O,
beam ratios with y+z=9=constant (y, z=9, 0 to 4, 5)
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Effect of the addition of CO to the activity of Rh(111) toward the conversion of NO + CO + O, mixtures. The dependence of the steady-

state rates of formation of the products, CO; (a, left panel) and N, (b, right panel), is shown here as a function of reaction temperature for a set of beams
with 1:y:5 NO:CO: O; ratios, with y varying from 4 to 19. Both productions of N, and CO; are accelerated by the added CO at high temperatures,

but CO poisoning is observed for high CO: O, ratios at low temperatures.

were employed to probe the efficiency of the NO reduction
reaction while changing from net reducing to net oxidiz-
ing beam compositions. The results, shown in Fig. 7, indi-
cate basically the same behavior reported with the previous
beam sets. In addition, it is seen that (1) at high tempera-
tures, above 600 K, oxygen-rich beams (z/y > 1) display a
significant decrease in NO reduction capacity, with rates at
least an order of magnitude lower than those measured
with no oxygen; (2) in contrast, most of the NO reduc-
tion activity is retained at low temperatures; (3) a reverse
in reactivity trends is seen at T =505-555 K for z/y ~0.5;
and (4) the maximum in CO;, production rate is reached at
555 K with the 1:7:2 NO:CO:0O; beam. Notice that this
corresponds to the stoichiometric composition in this set,
which is somewhere between y=6 and y=7 (z/y ~0.5—
0.3). On the other hand, N, production is almost always
optimized by reducing the concentration of oxygen in the
beam.

3.4. Competition between O, and NO for CO Oxidation

In order to estimate the relative rates for the CO + O,
versus CO + NO reactions, rate differences between CO,
and 2 x N production were plotted versus temperature in
Fig. 8. The positive rate difference observed for all beam
composition at all temperatures clearly demonstrates an
increase in the rate of oxidation of CO when O, is added
to the beam. In the case of the 1:9:z beam compositions

(Fig. 8a), this rate difference increases initially as the beam
becomes richer in oxygen, as expected, but levels off for
z>5 at intermediate temperatures, and decreases signi-
ficantly above 600 K, especially with oxygen-rich beams.
It is worth pointing out that the latter changes are likely to
reflect the behavior of the CO + O, reaction, because no
N is produced for z > 3 at 765 K (Fig. 4).

In the case of the 1:y:5 beams (Fig. 8b), the maximum
CO, — 2 x Nprate differential also occurs at 555 K, but it ex-
tends to 615 K for CO-rich (y =19) beams. Moreover, this
rate difference increases in an approximately linear fash-
ion with increasing CO concentration at all temperatures
except 505 K (where it in fact decreases with increasing y).
Note, however, that all the beams used in this set can be
considered rich in CO, in the sense that the total reduction
of the NO would only require y=1. The reverse trend at
505 K suggests that the surface may be poisoned there by
the excess CO in the beam. Since the resident time of CO
on the surface decreases with increasing temperature, this
effect becomes less pronounced, hence the higher CO + O,
reaction observed as the crystal is heated further.

When consideringthe 1:y:z=9 — ybeams (Fig. 8c), CO;
—2 x Ny rate differential maxima are again obtained at
555 K for all values of y. Also, the rate difference first
increases with decreasing y, but then reverts for y<6
(CO:02<0.5). This indicates that there is an optimum
beam composition where the rate of CO oxidation by O, in
the presence of NO is maximized.
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FIG. 7. Effect of the change in CO: O; ratio to the activity of Rh(111) toward the conversion of NO + CO + O, mixtures. The dependence of the
steady-state rates of formation of the products, CO; (a, left panel) and N, (b, right panel), is shown here as a function of reaction temperature for a
set of beams with 1:y:z=9—y NO:CO: O; ratios, with y varying from 0 to 9. Optimum rates are seen under conditions leading to stoichiometric

coverages on the surface. This is best observed at low temperatures, in particular by the rate maxima reached at 505 K with the 1:6:3 NO:CO: 0O,
beam.
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FIG. 8. Estimates of the rates of oxygen consumption during the conversion of NO + CO + O, mixtures on Rh(111) as a function of temperature
and beam composition. Rate differences between CO; and 2 x N, production are displayed here in three panels for the three sets of beam compositions
reported in the previous figures. Left (a) : Rate differentials versus O, : NO ratio for the 1:9:z NO: CO: O, beams at different temperatures between
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Right (c) : Rate differentials versus temperature forthe1:y:z=9—yNO:CO: O, beams,y = 4 to 9. Some CO; production from the CO + O, reaction

is seen in all cases, but never at rates comparable to those seen for the reduction of NO. Clearly, NO competes favorably against O, for the adsorbed
CO.
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3.5. CO Oxidation Kinetics by O,

The rates of the CO+ O, reaction were measured
independently by using CO + O, beams with composi-
tions equivalent to those in the NO:CO:0O; beams of
1:y:z=9—yratios. For this, we assume that the NO + CO
reaction is stoichiometric, so y —1:z CO: O, ratios were
used to account for the consumption of one molecule of
CO by each molecule of NO. The results from the CO + O,
experiments with different beam compositions and at dif-
ferent temperatures are plotted in Fig. 9. With CO-rich
beams (y — 1:z > 2) the maximum in CO, production rate
occurs at 555 K, but that rate increases further and maxi-
mizes at lower temperatures with more oxygen in the beam.
The optimum rate is seen at 505 Kandy —1:z2=5:3; fur-
ther decreases in rate are seen with additional increases in
oxygen concentration at all temperatures. A synergistic ef-
fect is observed between beam composition and reaction
temperature, indicating that changes in composition are at
least partly compensated by changes in reaction temper-
ature. A similar temperature—-beam composition interde-
pendence reported for the case of NO + CO on Rh(111)
was explained by an optimization in the relative coverage
of the reactants on the surface (12).

CO+0,/Rh(111) Kinetics
0.08 - Effect of Beam Composition, Steady State
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FIG.9. Temperature dependence of the steady-state CO, formation
rate for different CO + O, beams withy:z=9 -y CO: O; ratios, y =3 to
7. As in the case of the NO 4+ CO + O, mixtures, the rate maximum of
CO, formation shifts from 505 to 555 K as the beam becomes richer in
CO. The maxima are seen for stoichiometric surface coverages, and the
fastest reaction is seen at 505 K and for a5:3 CO: O, beam.
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A comparison of the data in Fig. 8c and 9 allows for the
quantification of the effect that NO has on the CO + O,
reaction. This is best illustrated by the differences in CO,
production rate between the experiments with they —1:z
CO:0zand 1:y:z NO:CO: O, beams, which are plotted
versus temperature in Fig. 10a. The CO, production rate
difference appears to be negative at all temperatures with
the CO-richest beams (CO:NO =38:1), but this could be
due to experimental uncertainties. At the other end, the
rate difference becomes the most significant at tempera-
tures around 500 K, and peaks at CO: O, ratios close to
stoichiometric (NO:CO:0,=1:6:3).

The effect that oxygen has on the production of molecular
nitrogen is explored by the data in Fig. 10b. There, the re-
sults provided in Fig. 4 for 1:9:z NO: CO: O, mixtures are
expanded to other NO: CO ratios. Also, the difference in
nitrogen production rate between oxygen-free and oxygen-
containing beams is emphasized here. Addition of O; to a
given NO + CO beam is expected to consume some of the
carbon monoxide in the mixture, and to therefore reduce
the rate of nitrogen formation, and this is indeed what is
observed in most cases. There are, however, some condi-
tions under which the addition of oxygen actually enhances
the rate of N, production. Specifically, increases in that rate
with oxygen addition are seen for temperatures between
about 500 and 550 K. This effect is more pronounced in
CO-rich mixtures as oxygen is added up to stoichiometric
mixtures.

3.6. Beam Switching Kinetic

The experiments described so far correspond to steady-
state rate measurements on the NO + CO + O,/Rh(111)
system as a function of temperature and beam composi-
tion. In describing those, the changes that occur when going
from oxygen-rich to oxygen-lean beams have been high-
lighted. The influence that pretreatment of the sample has
on the kinetics of NO reduction has also been discussed
(Fig. 2). By using the five-way valve setup described in
the Experimental section, the behavior of the system un-
der oscillatory conditions could be probed directly. A num-
ber of kinetic runs were performed where the Rh surface
was alternatively exposed to oxygen-rich and oxygen-lean
beams. In the example presented in Fig. 11, an initial beam
of 1:4:5 NO:CO: O, ratio was alternated with a second
one of 1:9:0 composition while maintaining the surface
temperature constant at 615 K. This figure displays the raw
data for the partial pressures of NO, N, and CO as a func-
tion of time, normalized to the same total beam flux. This
latter adjustment was required to compensate for the drop
in backing pressure behind the doser induced by pumping
of the intermediate volume common to the two gas reser-
voirs every time the beam was switched (this problem could
be minimized by using larger gas reservoirs). It can be seen
in Fig. 11 that the reaction with the oxygen-rich (1:4:5)
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Left (a) : Measure of the effect of adding a 1:1 NO: CO mixture to the conversion of different CO 4+ O, beams. Plotted here is the CO,

rate difference betweeny —1:2=9—-yCO:0Oand1:y:z=9 — y NO:CO: O, beams for y =4 to 8 as a function of surface temperature. Significantly
higher rates are generally seen in the absence of NO in the beam, in particular below 600 K. Right (b): Measure of the effect of adding oxygen to
NO + CO beams of different compositions. The difference in N, production rate, without minus with oxygen, is plotted as a function of temperature
for a number of beam compositions. Typically, O, poisons the NO reduction to N,, but some rate enhancement is seen between 500 and 600 K with

CO-rich beams.
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Typical example of the raw data obtained in beam switching experiments. In this example, the traces for CO,, *®N,, and *NO are shown as

a function of time as the composition of the beam is switched between 1:4: 5 (oxygen-rich) and 1:9:0 (oxygen-lean) >NO: CO : O, compositions. The
temperature of the Rh(111) surface was kept constant at 615 K throughout the whole experiment. Clearly, the rates for both CO, and N, production are
higher with the CO-rich beam in this case, but the changes in reactivity seen here are completely reversible. Also important to notice are the transient
kinetics sometimes observed right after beam switching (this is the most noticeable here for t =0-10s).
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beam displays an initial nitrogen production rate one third
that seen after switching to the 1:9:0 gas mixture, and that
the rate of CO, production also increases with the CO-rich
beam, although not as much. The NO uptake is higher in
the absence of oxygen, and no detectable O, is consumed
at any stage of the experiments. Fast switching clearly in-
dicates that the NO reduction efficiency of the rhodium
surface deteriorates under net oxidizing conditions, appar-
ently because of the inhibiting effect that O, exerts on the
NO and/or CO adsorption. It is also clear from the data in
Fig. 11 that the changes induced by changing the beam com-
position are completely reversible: the original steady-state
reactivity of the catalyst is easily regained by restoring the
same beam composition.

Similar beam switching experiments were also carried
out with CO + O mixtures (results not shown). Like with
the NO + CO + O, beams, the oxygen-rich beam in this
case displays lower steady-state oxidation rates than with
the oxygen-lean composition. On the other hand, a clear
uptake is seen for oxygen in the steady-state regime during
the exposure of the surface to the oxygen lean (7: 1) beam.
Oxygen consumption was measurable with the CO+ O,
beams but not with the corresponding NO + CO + O, gas
mixtures.

4. DISCUSSION

The steady-state Kinetic data reported here focus on the
characterization of the effect that oxygen has on the reduc-
tion of NO by CO on Rh(111) surfaces. It could be thought
that the addition of oxygen is detrimental to the conver-
sion of NO 4+ CO mixtures, because oxygen is expected to
consume some of the carbon monoxide required to reduce
the nitrogen oxide. Typically, O is likely to compete with
NO for the CO in the mixture. However, there are also
other more subtle effects that need to be considered to un-
derstand the reactivity of the NO + CO + O, ternary mix-
ture. In particular, the deposition of oxygen can alter the
adsorption properties of the rhodium surfaces. As an ex-
treme of this, subsurface oxygen is known to change the
nature of the metal at temperatures above 600 K (66). An-
other related issue pertinent to the kinetics of this system
is the change in adsorption dynamics due to a competition
among NO, CO, and O, molecules for adsorption sites. Oxy-
gen may inhibit the sticking of the other reactants, but may
also remove excess CO in some circumstances, helping, not
poisoning, the overall NO reduction reaction. In the fol-
lowing paragraphs, the results from our Kinetic studies of
the NO + CO + O,/Rh(111) system are analyzed in terms
of these ideas.

4.1. Effect of O, on the NO + CO Kinetics

The kinetic data for the reaction between NO, CO, and
O,on Rh(111) surfaces presented here strongly suggest that
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the mechanism for NO reduction in this mixture does not
differ much from that operative in the absence of O, (12). In
particular, the transients seen in the kinetic raw data upon
blocking and unblocking of the beam with NO + CO + O,
beam mixtures corroborate the fact that the rate-limiting
step in the steady-state NO conversion reaction at interme-
diate temperatures still appears to be the production of N,
molecules (Figs. 1 and 3). Notice in particular the contrast
between the immediate response of the rate of CO, produc-
tion to the flag removal in the steady state of the kinetic runs
at all temperatures and beam compositions, and the slow
approach of the N, production traces to their steady-state
levels below 600 K. The data in Figs. 1 and 3 also provide
evidence for the need of the presence of a critical nitrogen
coverage on the surface to sustain the catalytic conversion
of NO to N; at low temperatures (13, 14).

On the other hand, the addition of O, to NO + CO mix-
tures typically lowers the rate of N, production (Fig. 5).
This effect is more visible at high (>550 K) temperatures.
It could be thought that the poisoning by oxygen may be
due to it consuming some of the CO in the NO + CO + O,
mixture, that is, to a competition between CO + NO and
CO + O, reactions. However, the rate for CO + NO con-
version in the experiments reported here is always faster
than that of CO + O;. Thisis best shown by the Rco, — 2Rn;
data in Fig. 8, which correspond to the carbon dioxide pro-
duced by the second reaction. The first thing to notice there
is the fact that the difference is never large, and certainly
does not represent the fraction of the total CO, production
expected on the basis of stoichiometric grounds. As an ex-
ample to better illustrate this point, it may be instructive to
compare the different rates for the case where the extra car-
bon dioxide production is maximum, that is, fora 1:10:5
NO:CO: O, beam at 555 K. The rates for CO, and N pro-
duction in that case amount to 0.0446 and 0.0088 ML/s,
respectively. That means that every second 0.0175 CO, ML
is produced via NO conversion while 0.0271 CO, ML orig-
inates from CO oxidation with the added O,. This repre-
sents a ratio of approximately 1:1.55, much higher than
the 1:10 ratio expected from this mixture if both reactions
occur at the same rate. In other words, the rate of NO re-
duction in this mixture is more than 6 times faster than
that of O,. And the case worked out above is that where
the largest CO, —2 x N; rate differential was observed;
more significant deviations from the stoichiometry ratios
are observed in other cases. On the basis of such calcula-
tions, it can be concluded that the poisoning effect of oxy-
gen during the reduction of NO by CO on rhodium is not
likely to be dominated by the consumption of CO by the
added O,.

A clue to the explanation of the inhibiting effect of molec-
ular oxygen in the production of N, from NO comes from
the fact that the addition of O, to NO: CO beams poisons
the production of CO; as well (Figs. 3 to 5). Clearly, the
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decrease in N, formation is not compensated by reactions
between CO and O, since a significant reduction in the
overall consumption of CO is seen instead. At this point
we can only speculate on why this is. It is tempting to pro-
pose that O, inhibits the chemisorption of carbon monox-
ide on rhodium surfaces, perhaps because of the build-up
of some adsorbed atomic oxygen. Alternatively, O, may
alter the sticking probability of CO in this system. Notice-
able changes in sticking coefficients with gas composition
have indeed been observed by us previously for the case of
NO + CO mixtures (14).

4.2. Kinetic Synergies in NO 4+ CO + O, Gas Mixtures

There is a synergy between the concentration of oxygen
in the gas beam and the temperature at which the N, and
CO, production reaction rates reach their maxima. Specif-
ically, higher O, content leads to lower Tyax. On inspection
of the data in Figs. 4and 5, itbecomes clear that this is mostly
due to the fact that oxygen poisoning is more acute at high
temperatures. The changes in reaction rate with oxygen ad-
dition are less pronounced below 550 K, especially in the
case of CO; production, where no significant rate changes
with O, addition are observed. The more noticeable charac-
ter of the oxygen-induced NO reduction inhibition at high
temperatures can be easily understood upon inspection of
Fig. 9, where it is shown that CO oxidation by O; is sig-
nificant only at low (<600 K) temperatures (12). Provided
that NO reduction poisoning is likely to occur via the de-
position of atomic oxygen on the surface, removal of those
surface species by carbon monoxide is efficient only at low
temperatures.

As mentioned above, addition of oxygen to the reaction
mixture generally leads to an expected inhibition in the NO
reducing activity of the catalyst. On the other hand, addi-
tion of CO most often cause the opposite effect (Fig. 6).
This is understandable, giving the fact that carbon monox-
ide is the only reducing agent in the NO 4+ CO + O, mix-
ture. Interestingly, similar rate enhancements are seen in
the production of both N, and CO,, especially at interme-
diate temperatures. This argues for a mechanism where the
main role of CO is to remove surface oxygen from the sur-
face. That oxygen may originate from dissociation of either
NO or Oy, and may poison any subsequent steps if not re-
moved via recombination with CO.

The enhancing effect of CO in the conversion of both
NO and O; is more noticeable at high temperatures. There
is in fact an interdependence between the content of CO
in the beam and the reaction temperature: more CO is re-
quired to reach the same CO, production rates at higher
temperatures. The optimum reactivity for N, production is
seen around 500-600 K, but steady increases in rates with
increasing CO gas concentrations are also seen at higher
temperatures. This indicates that what controls the recom-
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bination of CO with atomic oxygen is its steady-state cov-
erage on the surface. An increase in surface temperature
leads to an increase in the CO desorption rate, and there-
fore an increase in CO flux to the surface is required to
maintain comparable CO surface coverages. The fact that
the efficiency of CO for removing surface oxygen decreases
with increasing temperature was previously observed di-
rectly in molecular beam experiments with CO + O; mix-
tures (12).

At the other extreme, low temperatures and high CO
concentrations in the gas mixtures can lead to poisoning
of the N2- and CO,-producing reactions. Notice in partic-
ular the drop in activity seen in Fig. 6 at 505 and 555 K
for CO: O, ratios above approximately 1.5. In this case, the
most likely scenario is that the surface becomes poisoned by
an excess of chemisorbed carbon monoxide. In fact, almost
linear drops in activity are seen with increasing CO con-
tent in CO-rich mixtures (y>10inthe 1:y:5NO:CO:0;
beams) for both N, and CO, production, suggesting that
the CO surface coverage increases linearly with CO partial
pressure in that regime. This effect diminishes with temper-
ature, and disappears by 600 K because of the exponential
increase in CO desorption rate with T.

Because of the low-temperature CO poisoning of the NO
reduction reaction seen with CO-rich beams, an interest-
ing effect can be observed during the addition of oxygen
to those mixtures. Indeed, oxygen addition leads to an en-
hancement, not a reduction, in catalyst activity under such
conditions. This observation is perhaps best illustrated by
the data in Fig. 7. It is seen there that the rates of N, and
CO; production both increase with increasing O, content
in the beam at 505 K, until reaching a maximum with a
O,:CO ratio about 0.5. Again, the initial addition of O, to
the fuel-rich 1:9 NO: CO mixture helps in the removal of
excess CO on the surface, facilitating the adsorption and
decomposition of NO. An excess of O,, on the other hand,
slows the reaction, because surface CO is replaced by sur-
face oxygen.

Optimum rates are obtained at 505 K with the 1:6:3
NO:CO: 0O, mixture, but those maxima shift to lower
O, : CO ratios with increasing temperature. At 555 K, the
best mixture for CO, formation in Fig. 7 is that with 1:7: 2
NO : CO: O, composition, and by 615 K, mixtures with no
oxygen are preferred. As the rate of CO desorption in-
creases, less oxygen is needed to keep the surface free of
excess CO. Notice, however, that there are subtle differ-
ences in behavior between the rates of CO; and N, produc-
tion: the formation of N is a bit more sensitive to oxygen
addition, so no O; is needed in the beam by 555 K. Nev-
ertheless, it can be concluded that the best combinations
of beam composition and reaction temperature to optimize
both reaction rates are those that lead to stoichiometric sur-
face coverages, the same asin the case of NO + CO mixtures
(12, 14). Additional examples of this are given in Fig. 10.
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4.3. Effect of NO on the CO + O, Conversion

So far we have focused our discussion on the effect that
oxygen exerts on the kinetics of NO reduction by CO. It
is interesting to point out that, conversely, NO also affects
the kinetics of oxidation of CO by O,. To better understand
this effect, a comparison between the data in Figs. 8 and 9 is
warranted: Fig. 9 displays the rates for CO; production ob-
served withy —1:z2=9—y CO: O, mixtures, while Fig. 8c
summarizes the component of the CO, rates observed with
1l:y:z=9—y NO:CO:0O; beams corresponding to the
CO + O, reaction. In most cases, but more dramatically
below 600 K, the addition of NO inhibits the consump-
tion of O,. For instance, for CO:0,=5:3 and T =505 K,
Rco,=0.071 ML/s, butwithal:6:3NO:CO: O, beam the
rate of O, consumption is only 0.011 ML/s (and the total
rate of CO, production is only 0.039 MLY/s). It is clear that
NO competes favorably against O, for the adsorbed CO,
and that the CO + O, conversion rate seen in the ternary
mixture resembles that of a CO + O, beam richer in the
second component.

The magnitude of the inhibition of the CO + O, reaction
with NO addition diminishes as the CO : O, ratio is varied
away (in either direction) from stoichiometry, and also as
the temperature of the surface is increased. Once again,
a synergy is seen here: the reduction in rate maxima for
CO + O, with NO addition shifts to higher temperatures
with increasing amounts of CO in the beam. As discussed
before, the interconnection between temperature and beam
composition is directly related to the steady-state coverage
of carbon monoxide on the Rh(111) surface. Notice, how-
ever, that NO addition not only inhibits the consumption of
molecular oxygen, but in fact reduces the total amount of
CO, produced. It appears that CO adsorption is restricted
in that case as well. It is worth remembering that NO com-
petes favorably with CO for adsorption sites, diminishing
the apparent sticking coefficient of the latter, to the ex-
treme of sometimes displacing adsorbed CO into the gas
phase (14).

The reduction in oxygen consumption with NO dimin-
ishes considerably at higher temperatures, and becomes
negligible above 600 K for CO:O; ratios above 10:1 or
below 1:1. Recall that under those conditions N, produc-
tion is low too, and that the overall activity of the catalyst
is dominated by the CO + O, reaction. Under those cir-
cumstances, the surface is most likely covered with some
oxygen. Our earlier studies on the adsorption of NO on
clean Rh surfaces (11) have shown that the initial stick-
ing coefficient in that case is constant up to 800 K. On
the other hand, that sticking coefficient is affected by the
presence of other gases in the beam mixture (14), and ap-
pears to decrease rapidly as the oxygen coverage increases
on the Rh surface. It is also well established that the ex-
tent of NO dissociation decreases with oxygen coverage
(25, 48).
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4.4. Hysteresis Effect on the NO + CO + O, Reaction

Two more points are worth discussing briefly here. The
first is the hysteresis in steady-state reaction rates seen in
Fig. 2 as the temperature of the crystal is ramped upward
and downward. The data in that figure demonstrate that
there are some basic differences in behavior between the
reactions carried out while heating an initially clean surface
and those carried out while cooling or subsequently heat-
ing the sample. In more general terms, this suggests that
the reactivity of the catalyst may depend on the history of
the process. However, it is interesting to note that nitrogen
production is not affected seriously by these changes; only
the production of CO, is. We believe that there could be
more than one reason for the hysteresis reported in this
paper. Those include (1) the formation of subsurface oxy-
gen above 600 K; (2) the formation of nitrogen surface is-
lands at low temperatures and moderate oxygen coverage;
and (3) surface structural modifications.

At the beginning of the NO + CO + O, reaction from a
clean metal at low temperatures, a fast build-up of nitro-
gen surface islands takes place, while the oxygen coverage
remains low. Our previous isotopic-labeling studies on the
NO + CO/Rh(111) system have shown that below 600 K a
critical atomic nitrogen coverage needs to build up on the
surface before the system reaches its steady-state behav-
ior (12-14). As the temperature of the surface is increased,
however, the overall nitrogen coverage decreases rapidly,
while that of oxygen increases. It is possible that when cool-
ing the crystal from high temperatures, at least some of the
oxygen deposited may remain on the surface, altering its
catalytic behavior. In particular, it is quite likely that oxy-
gen atom incorporation into the subsurface is irreversible,
and that those species remain in the solid upon cooling of
the sample. Oxide formation has been reported to alter the
adsorption and catalytic properties of rhodium (21, 67).

In addition to the explanation provided above, the dif-
ference in behavior of the rhodium surface with different
pretreatments may be also due, at least in part, to dynamic
changes during the exposure of the crystal to the molecular
beams. Recall the variations in surface coverages apparent
from the raw data in Figs. 1 and 3 when heating from 505 to
555 K and from 555 to 615 K. Specifically, the production of
carbon dioxide does not immediately adjust to the change in
temperature in that temperature range, but rather displays
an induction period a few seconds long. On the other hand,
a significant amount of nitrogen desorption is clearly seen
in the same time interval as a spike in the partial pressure
traces; CO, production increases once the excess surface ni-
trogen is eliminated. In the other direction, clear but small
increases in CO, production are seen during cooling 555 to
505 K, while no change in nitrogen production is observed
there (data not shown). Finally, in experiments where the
kinetic cycle is started at high temperatures by cooling of
the surface, the reaction maxima for N, production shift



284

to lower temperatures (from 555 to 505 K in the example
cited in the Results section), while those for CO; do not
change.

These results point to acomplex interplay among the cov-
erages of the different adsorbed species. On one hand, it has
already been established that at low temperatures nitrogen
islands form on the surface (12-14). On the other hand, ni-
trogen is replaced by oxygen at higher temperatures. The
deposition of strongly bonded N atoms at low temperatures
is likely to be reversible, but the deposition of oxygen may
not be. Also, oxygen coadsorption does affect the adsorp-
tion of nitrogen (11, 32, 39, 44), and may very well change
the nature of the nitrogen islands required to maintain the
steady-state catalytic behavior. Complex changes were re-
ported previously on the surface upon nitrogen and/or oxy-
gen build-up on Rh(111) in scanning tunneling microscopy
experiments (52). Finally, a similar behavior observed by
Comelli and co-workers on Rh(110) was attributed to sur-
face structural modifications (46, 48). All nitrogen islands,
surface and subsurface oxygen, and surface reconstruction
may play a role in the reaction hysteresis reported here.

4.5. Fuel-Lean/Fuel-Rich Cyclic Processes

The ultimate goal of the present work is to suggest a
better way to manage NO reduction under the conditions
encountered in real automobile exhausts. One important
new development in the technology of three-way catalysts
is the need to improve their NO removal performance un-
der net oxidizing conditions, because that would lead to
better fuel efficiency (1, 2). Vehicle manufacturers are con-
sidering an option where engines are operated under lean
air-to-fuel (A/F) ratios (with excess air) during cruising, and
returned to stoichiometric operation when more power is
required (68).

From this point of view, it is interesting to investigate the
behavior of the catalyst while oscillating the beam compo-
sition between oxygen-rich and fuel-rich conditions. This
idea was briefly explored here; an example of the results
from that work is shown in Fig. 11. On the basis of what was
learned from the kinetic studies reported above, rhodium
surfaces are expected to become covered with atomic oxy-
gen during their exposure to oxygen-rich beams. This re-
duces the overall reducing activity of the catalyst. Under
CO-rich conditions, on the other hand, nitrogen and/or CO
are the dominant species on the surface, and higher nitro-
gen production rates can be achieved. What is interesting
from the data shown in Fig. 11 is the fact that these changes
appear to be reversible, at least at temperatures of 615 K
or below. This means that the activity of the catalysts, once
poisoned by oxygen under oxygen-rich conditions, can be
recouped via exposure to fuel-rich mixtures. It appears that
surface-reducing agents (CO in the present case, volatile or-
ganic compounds in most practical engines) can effectively
remove the surface oxygen as CO,. On the other hand, it
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was also seen that excess CO reduces the activity of the
catalyst, and should be avoided. Hence, the duration of the
fuel-rich pulses used to reduce the catalyst becomes critical.

To better understand how beam alternation can be used
to explore cyclic processes, let us expand on the interpre-
tation of the data in Fig. 11. Note, for instance, that the
transient in the first few seconds (t < 5 s) of Fig. 11 displays
a particularly large rate for NO reduction and N, produc-
tion. Similar transient processes are possible when starting
with CO-rich beams. Previous transient kinetic studies of
the NO + CO reaction have also shown that the NO re-
duction rates are high when clean Rh surfaces are exposed
to NO + CO beams at high temperatures, but that they de-
crease drastically as the reaction approaches its steady state
(14). The time required to approach this steady state de-
creases with increasing temperature or increasing NO : CO
ratio. This points to the design of rapid cycles with relative
short fuel-rich pulses. During exposure to oxygen-rich mix-
tures, the rhodium surface becomes increasingly covered by
oxygen, and that helps to lower the nitrogen coverage (be-
cause of strong repulsive forces between N and O atoms).
If the oxygen-rich regime were to be kept short, higher NO
reducing activity would be obtained, because NO molecules
decompose preferentially during the transient even in the
excess of gas-phase O,. When the composition of the gas
is switched to a fuel-rich composition, the surface oxygen
is removed via CO, formation, enhancing the activity of
the catalyst toward NO reduction. The critical point to be
remembered here is that while the CO; formation and its
desorption are instantaneous, N, desorption requires some
time to reach its steady-state level. By never allowing the
NO reduction reaction to reach its steady state, it may be
possible to take advantage of the high rates sometimes seen
in the transient regimes. The kinetic optimization of cyclic
NO conversion processes is worth further research.

4.6. Comparison with Previous Results

The new ideas on the NO + CO + O2/Rh(111) system
developed in this study should be added to the extensive
work reported in the past, in particular that carried out
at the General Motors (GM) laboratory. In terms of the
conversion of CO + O, mixtures under ultrahigh vacuum,
Schwartz et al. found that the dependence of the rate law on
CO partial pressure goes from negative for CO-rich mix-
tures to positive under oxidizing conditions (69). Also, the
surface was found to be primarily covered with CO below
400 K, while oxygen was the dominant surface species be-
tween 425 and 900 K. All this supports our hypothesis that
CO poisoning at low temperatures is gradually replaced by
oxygen inhibition as the temperature of the surface is in-
creased. Moreover, oxygen poisoning via rhodium oxide
formation was inferred from experiments under atmo-
spheric conditions (27, 39). Interestingly, the authors found
in that study that under steady-state reaction conditions the
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surface is covered largely with adsorbed N atoms together
with smaller amounts of adsorbed NO. More recently,
Belton and co-workers concluded from kinetic and infrared
experiments carried out on Rh(111) with NO + CO + O,
mixtures at high pressures that oxygen does not seem to
affect the NO + CO reaction Kinetics, and that O, con-
sumption is adsorption-rate limited, with the NO-CO
adsorption—desorption equilibrium controlling the vacant
sites required for the dissociation of that molecule (38).

Although the agreement between the GM work (par-
ticularly the recent work of Permana et al.) and ours
is excellent, a number of differences can be identified.
To begin with, no N,O was ever produced in the reac-
tions reported in the present paper, even though N,O
amounts comparable to or larger than those seen for N,
were reported at high pressures below 700 K (38). Also,
higher selectivity toward N, was observed above 600 K
at low Pno (<0.8 Torr), but the yield for the NO re-
duction to N; was below 15% under those conditions.
We explain this discrepancy by the changes in selectiv-
ity expected with varying gas pressures because of the
concomitant changes in surface coverages. We have re-
ported recently, based on steady-state kinetic measure-
ments with isotopic labeling switching, that N, production
under the conditions of the catalytic reaction is likely to
involve the formation of a N-NO species (15). This in-
termediate is presumed to be common for the production
of both N, and N,O, so the selectivity between the two
pathways must be dominated by the relative probabili-
ties for N-NO decomposition (to N, + adsorbed O) versus
molecular desorption. Higher reactant pressures are likely
to result in higher surface coverages, and in the blocking
of the empty sites required for N,O surface dissociation.
This argument may explain why the selectivity toward N,
formation is reduced with increasing reaction pressures, but
needs to be tested directly with experiments at intermediate
pressures.

A second point of disagreement between the previous
reports and our work is in the proposal of the rate-limiting
step for the reduction of NO and the formation of N,. The
GM group proposes dissociation of adsorbed NO as rate-
limiting (38). We, on the other hand, believe that the over-
all kinetics is controlled by the production of N,, which,
as mentioned earlier, appears to occur via N-NO forma-
tion. The main supporting evidence for our claim comes
from the slow response of the N, partial pressure trace to
the blocking and unblocking of the beam seen below 600 K
(Figs. 1 and 3), the same as with NO + CO mixtures (12, 14).
Fast NO dissociation was shown directly by Niemantsver-
driet and co-workers by using XPS and SIMS experiments
(42, 70). Finally, it is also worth mentioning that the high-
pressure experiments display different dependencies on gas
composition than our beam studies, in particular in terms of
the relative changes between CO, and N; production rates.
For instance, when mixtures with constant Pco = 4 Torr and
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Pno =0.8 Torr are used, an increase in CO, production of
about an order of magnitude is seen when Po, is varied from
0.8 to 7 Torr (38). The production of Ny, on the other hand,
remains the same throughout the whole O, pressure range,
and N2O production declines at Po, >3 Torr. No compa-
rable selectivity changes were seen in our experiments. All
three points clearly indicate that the reaction mechanism at
high pressures is somewhat different than that under ultra-
high vacuum conditions, at least as far as the relative rates
of the different steps are concerned. Again, studies in the
intermediate pressure range are warranted.

One of the most important observations from the results
presented in this paper is that there is a build-up of a criti-
cal coverage of nitrogen atoms on the Rh surface before N,
desorption can be seen, as in the case of NO + CO reaction
(12-15). The fast responses of the NO, CO, and CO, partial
pressure traces to changes in the beam flux under steady-
state conditions unequivocally demonstrate that both NO
dissociation and CO, formation are faster than N, produc-
tion under most relevant reaction conditions. Furthermore,
it was established that oxygen consumption is adsorption-
rate limited, since the adsorption of CO and NO appears to
control the concentration of the surface vacant sites neces-
sary for dissociative adsorption of oxygen below 600 K. On
the other hand, the scenario changes above 600 K, and oxy-
gen removal becomes the slow step. Most of these points
could not be brought out by the earlier studies because of
the lack of direct evidence on the kinetics of the individual
reaction steps. Although our experiments were performed
under vacuum, they are likely to reproduce many of the fea-
tures of the processes that occur under the more realistic
catalytic converter conditions once the effect of increasing
pressures is properly included.

5. CONCLUSIONS

This paper reports results from a kinetic study on
the reaction of NO+ CO + O, mixtures over Rh(111)
single-crystal surfaces by using collimated effusive molec-
ular beams. Three different sets of beam compositions
were used, namely, 1:9:z, 1:y:5 and 1l:y:z=9-y
NO:CO:O; ratios, in order to explore the role of adding
oxygen and CO to the gas mixture and the changes in-
duced when going from fuel-rich to fuel-lean conditions.
Isothermal steady-state kinetic measurements were per-
formed with all three-beam sets for reaction temperatures
between 435 and 765 K. These experiments were carried out
in ultrahigh vacuum, but under conditions where the NO
reduction reaction could be sustained in a catalytic regime
similar to that encountered in realistic catalytic converters.

Analysis of the kinetic data led to the conclusion that
the main effect of the addition of oxygen to the NO + CO
reaction mixture is to inhibit the reaction rates for the pro-
duction of both N, and CO, under most circumstances.
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This effect is more pronounced at high temperatures, above
600 K, and for the production of nitrogen, which can be
completely suppressed by the added O, above 700 K. This
behavior was explained by the poisoning of surface sites
that results from the dissociative adsorption of gas-phase
oxygen. Independent kinetic measurements for the reac-
tion between CO and O, corroborate this hypothesis. On
the other hand, it became clear that the inhibiting effect of
O, is not due to competition with NO for the CO on the
surface, since significant rate reductions are seen for both
N, and CO, reactions. Moreover, the production of CO,
is appreciably faster with gas CO + O,-only mixtures. The
kinetic data clearly point to a preferential reaction of CO
with NO instead of O,; the poisoning caused by the added
oxygen in the gas mixture is common to both reactions,
and is most likely associated with a reduction in the surface
coverage of carbon monoxide.

The addition of excess CO to the reaction mixture also
has an inhibiting effect on both N, and CO, production
rates. This effect is, however, only important at low temper-
atures, below 600 K. In connection with this, it was found
that there is an optimum reaction temperature for each
given NO + CO + O, beam composition, and that this op-
timum temperature increases as the beam becomes richer
in CO. This is easily explained by the changes in CO sur-
face coverage induced by increases in surface temperature:
higher desorption rates (which increase exponentially with
T) lead to lower steady-state CO coverages, and that needs
to be compensated by increasing the flux of the CO gas on
the surface. At the other extreme, the activity of the surface
is poisoned by excess adsorbed CO in experiments with CO-
rich beams at low temperatures. Interestingly, the addition
of oxygen to the beam in those cases enhances, not poisons,
the conversion of NO to Ny, presumably because the added
O, helps removed any excess CO from the surface.

A hysteresis was observed in the conversion of
NO + CO + O, mixtures during heating and cooling of the
surface. This hysteresis can be attributed to a combination
of factors, including the formation of subsurface oxygen
above 600 K (the most likely cause of the changes), the
growth of nitrogen surface islands with different character-
istics depending on the history of the catalytic process, and
additional surface structural modifications. Finally, beam-
alternating methods were tested as a way to manage NO
reduction efficiently under net oxidizing conditions. Fast
switching between reducing and oxidizing gas mixtures is a
promising approach to optimize the performance of auto-
mobile engines. The main crux of the beam oscillation con-
cept is that it is possible to take advantage of unique tran-
sient kinetic behaviors during NO reduction by performing
fast changes in beam composition and not allowing the sys-
tem to reach steady-state conditions. One of the possibilities
to optimize the performance of the catalysts is to maintain
the surface relatively free from oxygen poisoning so NO
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reduction can be carried out under close-to-stoichiometric
conditions on the surface despite the variations of the com-
position of the gas.
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