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We have studied the effects of temperature, NO conversion, and
NO-COratio on the activity and selectivity of the NO-CO reaction
at high (1 Torr < P < 100 Torr) pressures over the Rh(110) and
Rh(111) surfaces. Under the conditions used in this study, the
NO-CO activity, as measured by the rate of NO loss, is between
1.3 and 6.3 times faster over Rh(110) than over Rh(111). The (110)
surface exhibits a lower apparent activation energy (E,), 27.2 vs
34.8 kcal/mol, than does the (111) surface. We attribute this behav-
ior to a slightly more facile NO dissociation process on the more
open (110) surface. Although the turnover numbers for NO reaction
can be quite similar on the two different surfaces, we find large
differences between Rh(110) and Rh(111) with regard to their
selectivities for the two competitive nitrogen-containing products,
N,O vs N,. The more open Rh(110) surface tends to make signifi-
cantly less N,O than Rh(111) under virtually all conditions that
we probed with these experiments. This can be understood in terms
of the relative surface coverages of adsorbed NO and N atoms on
the two surfaces. Notably, more facile NO dissociation on Rh(110)
appears to lead to greater steady-state concentrations of adsorbed
N atoms than is present on the (111) surface. Higher N atom
coverages on the (110) surface favor N atom recombination (N,
formation) more than the NO + N reaction (N,O formation) on
Rh(110) relative to Rh(111). Indeed, Rh(110) surfaces were found
to be largely composed of adsorbed N atoms and lesser quantities
of NO in postreaction XPS measurements. In contrast, Rh(111)
surfaces showed only X-ray photoelectron spectroscopy features
due to adsorbed NO. © 1995 Academic Press, Inc.

I. INTRODUCTION

Automotive emissions of nitrogen oxides (NO,) are
very effectively controlled in U.S. passenger cars by a
heavy reliance on aftertreatment of the engine exhaust
using catalytic converters that contain a mixture of plati-
num (Pt), rhodium (Rh), and sometimes palladium (Pd)
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(1, 2). Both Pt and Rh are very effective at oxidizing CO
to CO,, but it is generally believed that Pt and Pd are
superior for hydrocarbon (HC) oxidation with Rh being
best for NO reduction. Beginning in 1994, new govern-
ment regulations will take effect which mandate that NO,
emissions from passenger cars must fall substantially from
their 1993 levels of 1.0 g/mile to as low as 0.2 g/mile
(2, 3). Considering that under warmed-up conditions the
current generation of emission control technology already
removes over 80% of the NO, from the exhaust stream,
the 0.2 g/mile standard will require improving the
warmed-up efficiency of the NO, reduction process to
over 95%. These tougher U.S. standards will take effect at
the same time that most European countries are adopting
regulations which will effectively double the number of
vehicles worldwide that are equipped with a catalytic con-
verter. Given these strong pressures on noble metal sup-
ply, it is imperative that Rh and Pt be utilized as effectively
as possible for the control of automotive emissions; one
part of our effort is focused on obtaining a more detailed
understanding of the reactivity of these vital catalyst com-
ponents. To this end we have a continuing program to
define and understand the reaction kinetics over well de-
fined single crystal catalysts under conditions of tempera-
ture and pressure comparable to those encountered in
automotive exhaust. By studying such well defined model
catalysts, we are able to isolate the activity of the noble
metal component of the catalyst free from complicating
factors such as metal particle size and catalyst support
effects. Because single crystals have well-defined surface
structures, surface areas, and no support effects, they
are ideal for activity comparisons between metal surfaces
with varying geometric structures.

In this paper we examine the effect of surface structure
on the NO-CO activity and selectivity by comparing the
reactivity of Rh(110) and Rh(111) single crystal catalysts.
Selectivity for the two possible nitrogen-containing prod-
ucts from NO reduction, N,O and N,, is particularly inter-
esting. Notably, the present work was motivated by re-
cent results that suggested that the selectivity for N,O
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over (111) surfaces of Rh (4) and Pt—Rh (5) single crystal
catalysts is dominated by steric crowding of adsorbed
NO. We suspected that this crowding inhibited the NO
dissociation reaction, leading to high steady-state surface
coverages of NO, correspondingly low N atom coverages,
and, thus, relatively high selectivity toward N,O produc-
tion over that of N,. Within this model we reasoned that
a more open surface like Rh(110) might not allow NO to
pack as tightly on the surface, thereby resulting in more
favorable conditions for N, formation and less N,O pro-
duction. Furthermore, it is generally believed that surface
atoms with a lower coordination number, such as those
found on fcc(110) surfaces, are more active for the dissoci-
ation of small molecules (6). This is apparently the case
for NO dissociation on Rh (7-9). Previous experiments
comparing the CO,formation rates from the NO-CO reac-
tion over Rh(111) and Rh(100) had suggested that this
reaction was structure sensitive (10). Therefore, there was
ample reason to believe that the reactivity of the (110)
surface should differ from that of Rh(111). A second moti-
vation for this work was to assess what role surface struc-
ture might play in determining the selectivity of supported
Rh catalysts. Previous papers describing studies of sup-
ported Rh catalysts show some notable differences in the
temperature dependence of N,O selectivity. Over 4.6 wt%
Rh/silica (Si0,), it was reported that N,O is the major
product over a fairly wide range of reaction temperatures
and NO conversions (11). This result was quite similar to
recent results obtained over Rh(111) (4). In contrast, low-
loaded Rh/alumina (Al,O;) catalysts have been shown to
more readily switch from making primarily N,O at low
temperatures and NO conversions to making primarily
N, at higher temperatures (12-17). Considering the very
different loadings present in these two types of catalysts,
we suspected that particle size-dependent structural
changes may play an important role in determining the
selectivity of these catalysts. Since the effect of surface
structure on the N,O selectivity had not been previously
examined, we felt that such a study could make an impor-
tant contribution to our understanding of NO reduction
reactions over Rh catalysts.

Numerous studies have been published on the NO-CO
reaction at pressures around 10 Torr over supported Rh
(11-17), and Rh single crystal (4, 10, 18) catalysts. While
there were a few discrepancies in some of the earlier
studies of single crystal Rh (10, 18), there is now general
agreement as to the kinetics and selectivities at low tem-
perature and/or low NO conversion for both single crystal
(4) and supported (11-17) Rh. Over all of these catalysts,
it is reported that N,O is the primary N-containing prod-
uct, the apparent activation energy (above 480 K) is be-
tween 33 and 38 kcal/mol, and the reaction rate and selec-
tivity are roughly independent of both the CO and NO
pressures (between 1 and 100 Torr). However, the behav-
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ior of these various catalysts are significantly different at
higher temperatures and/or NO conversions. Whereas
Rh(111) (4) and S wt% Rh/SiO, (11) make less N,O at
high temperature than at lower temperature, N,O remains
the primary product. On the other hand, Rh/Al,O, cata-
lysts produced almost exclusively N, at high temperatures
and NO conversions (12-17). In contrast to the results
just described that were obtained at moderate pressures,
studies of the NO-CO reaction over polycrystalline and
single crystal Rh at total pressures below 107* Torr have
observed little, if any, N,O as a reaction product (19-22).
The results reported in this paper demonstrate that the
selectivity of the NO-CO reaction is quite sensitive to
the structure of the Rh catalyst metal surface. Notably,
the more open Rh(110) surface tends to make significantly
less N,O than Rh(111) under virtually all conditions that
we probed with these experiments. In particular, at the
highest temperatures and NO conversion levels studied
here, we found that Rh(110) produced almost entirely N,,
while on Rh(111) the N,O selectivity was never less than
40%. Furthermore, under the conditions used in this
study, the NO-~CO activity over Rh(110), as measured
by the rate of NO loss, is somewhat faster than over
Rh(111) with a lower apparent activation energy (E,), 27.6
vs 35.4 kcal/mol. We attribute these results to the greater
tendancy of the more open (110) surface to dissociate NO.
Notably, more facile NO dissociation on Rh(110) would
lead to greater steady-state concentrations of adsorbed N
atoms; thus, the (110) surface favors N atom recombina-
tion over the surface reaction between adsorbed NO and
N atoms to make N,O. In support of this, postreaction
surface analysis shows only NO on the Rh(111) surface
while the Rh(110) surface contains predominantly N
atoms and much lower concentrations of adsorbed NO.
NO dissociation on Rh(110) is more favorable than on
Rh(111), in part, because it is less severely poisoned by
high surface concentrations of NO. In addition, the more
open (110) surface may be intrinsically more active for
the elementary process of dissociating adsorbed NO.

II. EXPERIMENTAL

2.1. Apparatus

The experiments were performed in a custom-built sys-
tem which couples an ultrahigh vacuum (UHYV) analysis
chamber to a moderate pressure (<100 Torr) reactor. The
reactor and analysis chamber are separated with a gate
valve. The UHV analysis chamber is equipped with a
wide array of analytical techniques. For this study we
used Auger electron spectroscopy (AES), X-ray photo-
electron spectroscopy (XPS), and low energy electron
diffraction (LEED). The gases used in these experiments
were 99.0% NO and 99.99% CO (Scott Specialty Gases).
The NO had <0.35% N,O and <0.5% N, contamination,
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while the CO was in an Al cylinder and was trapped with
a liquid nitrogen bath to exclude any metal carbonyls from
the reactor. The gases were leaked into the reactor at low
pressure as measured by a baratron gauge. The reactor
has a volume of 0.673 liters and is pumped with a turbomo-
lecular pump with an ultimate base pressure of 10°° Torr.
The pump is separated from the reactor with a gate valve.
The sample could be transferred from the reactor to the
UHY analysis chamber within 5 min after reactor pump-
down with a typical base pressure of 107° Torr during
spectroscopic analysis.

2.2. Sample Preparation

The Rh(110) and Rh(111) samples were obtained from
a boule of Rh oriented along the [100] direction. Both
crystals were cut so that both sides of each sample were
oriented to =0.5° of the (110) and (111) planes as shown
by the Laue diffraction patterns. The initial cleaning pro-
cedure consisted of flowing 99.9999% H, at 50 sccm over
the samples in a quartz tube furnace for 36 h at 1275 K.
This procedure has been shown to be effective at remov-
ing any low Z impurities from the bulk, such as C, B, P,
and Si (23). The samples were then sanded and polished
with diamond paste with the final polish utilizing 0.25-um
grit. After polishing, each crystal was etched in hot HF/
HNO; (3/1) for several minutes. The Rh(110) sample was
examined first, followed by the Rh(111) sample. A crystal
was mounted on the transfer device using two etched
0.015-inch Ta wires spot welded to the edges of the sample
for resistive heating. A 0.003-inch chromel-alumel ther-
mocouple was also spot welded to the edge of the sample
to monitor the crystal temperature. After mounting, the
sample was rinsed again with HNO; to remove spot weld-
ing residue, followed by rinsing with distilled H,O and
methanol. The Rh(110) sample was rectangular in shape
(8.03 x 4.95 mm) with an area of 0.398 cm? per side and
a thickness of 0.94 mm. The number of active sites was
calculated to be 1.58 x 10" (both sides), and for this
calculation the atoms in the troughs are included. The
Rh(111) sample was rectangular in shape (8.69 X 6.02
mm) with an area of 0.523 c¢m? per side and a thickness
of 0.91 mm. The number of active sites was calculated to
be 1.67 x 10" (both sides), and for this calculation the
atoms below the threefold hollow sites are not included.
The edge areas accounted for approximately 19% of the
total area of each sample.

2.3. Sample Cleaning

A sharp (1 x 1) LEED pattern was obtained on the
front and back of the Rh(110) sample by Ar™ sputtering
(2 keV, ~12 uA) for ~42 h with the sample at 875 K,
followed by annealing at 1275 K for 20 min. A similar
procedure was used to order the front and back of the
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Rh(111) sample. This extensive sputtering treatment was
necessary to obtain a sharp LEED pattern and has been
successful in ordering Rh single crystal surfaces. Next,
the sample was placed in the reactor and treated in an 8-
Torr CO/8-Torr O, gas mixture at 525 K several times.
The surface cleanliness was monitored with AES and XPS
and the surface order was checked periodically with
LEED.

2.4. Gas Chromatography Measurements

Reactions were performed in a batch mode. All prod-
ucts and reactants were measured with a Varian 3400
gas chromatograph (GC) using simultaneous injection of
sample (2 X 250 wl) into each of two columns operated
at 313 K with a He carrier gas. One gas sample entered
a molecular sieve column where N,, NO, and CO were
separated before passing on to the detectors for analysis.
The other sample entered a delay column followed by a
Hayesep DIP column which delayed entry and subsequent
elution of components until the last molecular sieve com-
ponent (CO) eluted. At this point a valve was switched
to direct the Hayesep DIP effluent to the detectors for
the measurement of CO, and N,0. Column effluents were
monitored using both a thermal conductivity detector
(TCD) and a flame-ionization detector (FID). Gases
passed first through the TCD, then through a methanizer
with a Ni catalyst, and then to the FID. The TCD filament
temperature was maintained at 573 K, the methanizer
temperature at 658 K, and the detector temperature at
423 K. Using this arrangement, we were able to detect
N, (TCD), NO (TCD), CO (FID), CO, (TCD), and N,O
(TCD). No other species were monitored because the
products, CO,, N, and N,O, were formed in their ex-
pected ratios based on the stoichiometry of the reaction:

(1 + X)CO + 2NO—> xN, + (I — X)N,0 |
+(1+0C0, O=x=1). 1]

The experimental procedure for making a rate measure-
ment was as follows: (i) the gate valves to the UHV analy-
sis chamber and the reactor turbomolecular pump were
closed, (ii) the reactants were leaked into the reactor, (ii1)
the sample was ramped to the reaction temperature at
approximately 15 K/s, (iv) the timer was started when
the sample was within 5 K of the reaction temperature,
(v) the temperature was held (=2 K) for a specified time
interval, (vi) the sample was cooled to room temperature,
and, finally, (vii) the gases in the reactor were expanded
into the evacuated GC sampling loops.

III. RESULTS

3.1. NO-CO Reaction Kinetics

Figure 1 shows the turnover numbers (TONs) for CO,,
N,O, and N, formation obtained on Rh(110) plotted in an
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TABLE 1

Apparent Activation Energies and Frequency Factors for CO,,
N,O, and N, from the NO—CO Reaction over Rh(111) and Rh(110)
Single Crystal Catalysts

PNO = PCO = 8 Torr COZ Nzo Nz
Rh(111) E* 34.2 35.7 32.1
vt 5.0 x 10" 1.1 x 10" 1.6 x 10"
Rh(110) E}* 28.0 25.3 29.6
vh 7.3 x 10" 3.1 x 10 8.3 x 10"
4 kcal/mole.

b Molecules/site-sec.

.

Arrhenius fashion as a function of inverse temperature.
The data (Fig. 1) were obtained by reacting 8-Torr NO
and 8-Torr CO (8/8) over the Rh(110) catalyst. In the
temperature range of Fig. 1 (525 K to 675 K), the three
products (CO,, N,O, and N,) are formed with apparent
activation energies, E,, of 28.0, 25.3, and 29.8 kcal/mol,
respectively, when the data are analyzed using an Arrhen-
ius equation. (Note that this analysis presumes nothing
about the mechanism so that we obtain apparent activa-
tion energies and preexponential factors. However, the
TONSs are useful for comparison with data obtained on
other catalysts.) The corresponding apparent prefactors
(v) are listed along with the activation energies in Table
1. For the experiments in Fig. 1, the data are obtained only
over that temperature range for which we could accurately
measure TONs—meaning that the total reaction times
were greater than 15 s—while keeping the overall NO
conversion below 15%. TONs are given on a per-Rh site
basis by including both the ridge and trough sites on the
surface. By this site accounting method, the number of
exposed surface Rh sites is 1.58 x 10'5,

In Fig. 2 we show a direct comparison of the CO, TONs
for reaction of NO and CO (8/8) over both Rh(110) and
Rh(111) along with the N, and N,O TONs for the Rh(111)
surface. The number of Rh(111) surface sites is calculated
to be 1.67 x 10% by counting only the atop Rh atoms; Rh
atoms below the threefold hollow sites are not included
in this case. The two surfaces were studied in the same
experimental apparatus within 1 week of each other. Pre-
viously, Belton and Schmieg measured the NO-CO reac-
tion rates over Rh(111) in this same apparatus (4). The
only difference we observed this time was that all of the
TONs were lower (for all three products) by about 35%.
(However, the relative error in comparing the present
results for Rh(111) and Rh(110) is likely to be less than
this.) We consider the two measurements on Rh(111)
made 18 months apart to be within the range of experimen-
tal error for this experiment. In Table 1, the apparent
activation energies and preexponential factors for CQO,,
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FIG. 1. Specific rates of CO,, N,0, and N, formation for the NO-CO
reaction over Rh(110) as a function of inverse temperature. Py =
PCO = 8 Torr.
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FIG. 2. Specific rates of CO,, N,O, and N, formation for the NO-CO
reaction over Rh(111) as a function of inverse temperature. Pyp = Pgo =
8 Torr. For comparison, also included are the CO, formation rates over
Rh(110) from Fig. 1.
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FIG. 3. The CO,, N,O, and N; TONSs as a function of CO pressure
with a fixed NO pressure of 8 Torr at 623 K and 528 K over Rh(110).
The data show that the production of all three products has an apparent
zero-order dependence on CO pressure.

N,O, and N, formation over both Rh(110) and Rh(111)
are compared. By our estimation, the experimental error
in the E, is about +2 kcal/mol.

The effect of CO pressure on the NO-CO reaction rate
over Rh(110) at two different temperatures (528 K and
623 K) is shown in Fig. 3. The NO pressure was kept
constant at 8 Torr and the CO pressure was varied from
2 to 40 Torr. Within experimental error, the CO,, N,0,
and N, TONs are invariant with CO pressure over the
CO pressure range examined; that is, the NO-CO reaction
has an apparent zero-order dependence on the CO pres-
sure. A similar experiment was performed to obtain the
NO reaction order. Figure 4 shows the reaction rate data
obtained with the CO pressure held constant at 8 Torr
and the NO pressure varied from 1 to 40 Torr at two
different temperatures of 528 K and 623 K. At the lower
temperature of 528 K, the reaction rate is invariant with
NO pressure for all three reaction products. However,
at 623 K there is a distinct deviation from zero order
dependence for NO partial pressures of less than 10 Torr.
While both the CO, and the N, rates are higher at lower
pressure (negative order in NO), the N,O formation rate
at 623 K is significantly lower (positive order in NO)
at the lower NO pressures. Thus, the selectivity of the
reaction for N,O formation is also markedly lower at low
NO partial pressures. We will return to this point below
(Fig. 6).

For purposes of direct comparison, we remeasured the
NO pressure dependence on Rh(111) at 623 K, CO pres-
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FIG. 4. The CO,, N,O, and N, TONSs as a function of NO pressure
with a fixed CO pressure of 8 Torr at 623 K and 528 K over Rh(110).

sure of 8 Torr, and NO pressures varying from 1 to 40
Torr. The results, shown in Fig. 5, are very similar to
those measured by Belton and Schmieg (4). In both cases,
the reaction is found to be essentially insensitive to
changes in NO pressure under these conditions; zero or-
der within our experimental uncertainty (+0.2). In agree-
ment with the Belton and Schmieg previous findings, we
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FIG. 5. The CO,, N;0, and N, TONSs as a function of NO pressure
with a fixed CO pressure of 8 Torr at 623 K over Rh(111).
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FIG. 6. N,O selectivity plotted as a function of NO partial pressure
at a fixed CO pressure of 8 Torr and at a temperature of either 623 K
on Rh(111) (solid squares) and Rh(110) (open squares) or at 528 K on
Rh(110) (open circles).

also found that over Rh(111) the NO~CO reaction is zero
order in CO pressure. For brevity, the CO pressure-de-
pendent reaction data are not shown here.

3.2. N,O Selectivity

In this section, we will examine the effect of a number
of experimental variables on the selectivity of the NO-CO
reaction for the formation of the two nitrogen containing
products, N, and N,O. By convention (4, 11-17), in the
following we report N,O selectivity, SN0, as [mol N,0)/
{mol N,O + mol N,]. Figure 6 compares Rh(110) and
Rh(111) with regard to the effect of NO pressure on N,O
selectivity at a constant CO pressure of 8 Torr. For
Rh(111) at 623 K, we observe no change in $™° even for
the lowest NO pressure of 1 Torr. This result is in very
good agreement with previous results on Rh(111) (4) and
those obtained on a highly loaded (5 wt%) Rh/SiO, cata-
lyst (11). There is little sensitivity of the N,O selectivity to
NO pressure on Rh(110) at 528 K. However, we observe a
marked decrease in the N,O selectivity on Rh(110) at
NO partial pressures below about 10 Torr for a reaction
temperature of 623 K.

Before proceeding, we should note that all of the data
in Figs. 1-6 were taken at temperatures between 573 K
to 698 K with a NO conversion of less than 15%. This
temperature/conversion regime represents the parameter
space where we can very accurately determine the specific
rates of the reaction. However, because it has been re-
ported that N,O selectivity falls dramatically at high tem-
peratures and/or high NO conversions (12-17), we de-
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FIG. 7. Effect of temperature on N,O selectivity over Rh(110) (open
squares) and Rh(111) (solid squares) for a reactant mixture, Ppo/Png =
8/8. Conversion of NO was kept below 30% except for the data points
connected by dashed lines (see text).

cided to explore the high temperature/conversion regime.
Although we cannot accurately determine the absolute
reaction rates, we can still accurately measure the N,O
selectivity.

The effect of temperature on selectivity is addressed
more completely in Figs. 7 and 8, where a direct compari-
son between results on Rh(110) and Rh(111) is made.
Specifically, we show the effect of temperature on N,O
selectivity using two different gas mixtures: 8 Torr NO/
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FIG. 8. Effect of temperature on N,O selectivity over Rh(110) (open
squares) and Rh(111) (solid squares) for a reactant mixture, Pco/Pyng =
8/40. Conversion of NO was kept below 30%.
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8 Torr CO (8/8) (Fig. 7) and 40 Torr NO/8 Torr CO (40/
8) (Fig. 8). To separate as much as possible the effects
of temperature and conversion, NO conversions were
kept below 30%, with the exception of the two data points
in Fig. 7 connected by dashed lines (see below). For
Rh(110) (Fig. 7, 8/8) at temperatures below about 650 K,
the selectivity toward N,O falls slowly from about 70 to
60% as the temperature is changed from 575 K to 650 K.
However, if the NO pressure is raised to 40 Torr (Fig. 8,
40/8) then the N,O selectivity is insensitive to reaction
temperature all the way up to 700 K. For either gas mix-
ture (8/8 or 40/8) over Rh(110) at elevated temperatures
(above 650 K, 8/8, and 700 K, 40/8), the N,O selectivity
is a strong function of temperature and this temperature-
dependent selectivity is also a strong function of the reac-
tant mixture employed. Once again, contrasting behavior
was observed on Rh(111) as illustrated in Figs. 7 and 8.
On this surface, N,O selectivity actually increases slightly
(from 70 to 80% for an 8/8 mixture, Fig. 7, and from 60
to 80% for NO/CO ratios of 40/8, Fig. 8) with temperature
below 680 K. As with Rh(110), still higher temperatures
led to a decrease in selectivity for N,O. More importantly,
however, is the fact that under all conditions studied here,
the (111) surface shows a much stronger tendency to form
N,O and a much weaker selectivity dependence on either
temperature or NO pressure. For example, note that even
at 775 K, selectivity was still about 35% for Rh(111),
whereas it was only 10% at the lower temperature of 740
K on Rh(110). On both surfaces, the decrease in selectiv-
ity at high temperatures was more gradual at the higher
NO partial pressure of 40 Torr.

In Fig. 7, the data points obtained at the highest temper-
ature for each surface are connected by a dashed line.
This is to indicate the fact that these selectivity results
were obtained at NO conversions significantly greater
than 30%. In fact, when these reactions were run, it be-
came impossible to control the temperature of the sample
through resistive heating. When this occurred, the power
supply controlling the sample temperature was turned off
although the crystal temperatures remained at the values
shown in the figure (Rh(110), 745 K; Rh(111), 775 K) for
some time, and then began to fall. We believe that this
behavior is analogous to the phenomenon of ‘‘light-off™’
that is observed in supported catalysts and occurs due to a
change from solely kinetically limited reaction to a regime
where heat and mass transfer effects become significant.

Figure 9 addresses the effect of NO conversion on N,O
selectivity at a constant temperature of 648 K. We observe
little, if any change in selectivity on Rh(111) up to NO
conversions as high as 87%. This result agrees with the
previous work of Hecker and Bell (11), who measured
essentially a constant N,O selectivity of 80% for NO con-
versions below 90%. For low NO conversions (<50%) on
Rh(110) at 648 K, the N,O selectivity was found to be
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FIG. 9. Effect of NO conversion on N,O selectivity at 648 K over
Rh(110) (open squares) and Rh(111) (solid squares). Note that while on
Rh(111) there is no significant change in selectivity even at high NO
conversion, the selectivity shows a considerable dependence on conver-
sion over Rh(110).

50% (Fig. 9), and it decreased somewhat at higher NO
conversions. Note that since our measurements of selec-
tivity versus conversion are made in a batch reactor, the
measured selectivity at high conversions is in fact the
integrated selectivity over all conversions to that point.
As such, for an NO conversion of 80% on Rh(110), the
actual N,O selectivity at the time when the last NO mole-
cules are being reacted must be quite low, probably ap-
proaching 0%.

3.3. Postreaction XPS Analysis

In a recent paper authored by Ng et al. (5), it was
concluded that N,O selectivity on Rh is a strong function
of NO surface coverages during reaction. Therefore, it
was reasonable to assume that the different selectivities
we observed on Rh(110) and Rh(111) might be a direct
result of differing steady-state concentrations of adsorbed
surface species (notably NO) during reaction. One way
to indirectly assess the state of the reactive surface is to
perform a UHV surface spectroscopic measurement ex
situ after reaction (24). In this case, we chose XPS because
it can clearly distinguish between adsorbed nitrogen pres-
ent as either molecular NO or as N atoms formed by NO
dissociation during reaction (7, 25). Figure 10 shows the
N(Is) region of XPS spectra taken after NO—CO reaction
over both Rh(110) and Rh(111) at 528 K and NO and CO
partial pressures of 8 Torr each. After the reactions were
run, the samples were cooled in the reactant gases, freez-
ing out the reaction, and then the reactor was evacuated
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FIG. 10. N(l1s) XPS spectra obtained after NO-CO reaction at 500
K in 8 Torr of each reactant. The crystals were cooled in the gas mixture
after reaction, products analyzed by GC, and the gas mixture pumped
out of the reactor prior to introduction into the UHV surface analysis
chamber.

and the samples transferred to the UHV chamber for XPS
analysis. For Rh(111), the spectrum shows only a single
N(1s) feature with a binding energy near 400.3 eV due
to adsorbed NO. In contrast, the NO N(ls) feature on
Rh(110), while present, is significantly smaller than an-
other N(ls) feature at lower binding energy, 397.6 eV,
due to adsorbed N atoms.

IV. DISCUSSION

In the following, we discuss first the proposed reaction
mechanism for the NO-CO reaction on Rh metal cata-
lysts. This mechanistic picture, with its corresponding
identification of possible rate-limiting elementary steps,
will be used to understand the comparative reaction kinet-
ics of the two single crystal substrates, Rh(110) and
Rh(111), studied here. We follow this with a consideration
of the differences observed in the product distribution for
reaction on these two surfaces. Finally, we compare the
present results with those published previously for single
crystal and supported Rh metal and discuss the implica-
tions of the present results for understanding the behavior
of more complicated supported catalyst systems.

4.1. Previously Proposed NO-CO Reaction Mechanisms

Several different mechanisms for the NO-CO reaction
(11, 12, 16, 26-29) have been put forth over the years.
However, new information regarding elementary steps on
the close-packed (111) Rh surface (30-33) that sheds new
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light on the reaction mechanism has been obtained. In
particular, it had been proposed previously (27) that a
surface reaction between adsorbed NO and N atoms can
provide an important channel for N, formation during
steady-state reaction according to

NO(ad) + N(ad)— N,(g) + O(ad) + S, (2]

where § represents a site for adsorption and/or reaction
on the catalyst surface. This suggestion was based, in
large part, on an interpretation of NO TPD results (8a,
19, 33-35) that now appears to have been unwarranted
(32, 36). As such, the important elementary reactions were
recently proposed to be (4, 3, 36)

CO(g) + § & CO(ad) [3]
NO(g) + § © NO(ad) (4]
NO(ad) + §— N(ad) + O(ad) [5]
CO(ad) + O(ad) — CO,(g) + 28 (6]
NO(ad) + N(ad) — N,O(g) + 2§ (71
N(ad) + N(ad) — N,(g) + 25. (8]

In this model, N,O selectivity will depend on the rela-
tive rates of reactions [7] and [8]. These, in turn, are
dependent on the relative surface coverages of NO and
N. In recent reports (4, 5, 36), it was concluded that the
rate and selectivity are controlled, in large part, by the
NO adsorption/desorption equilibrium. Certainly NO
coverages are dependent on this equilibrium. In addition,
NO dissociation rates and therefore N atom coverages
are strongly NO coverage-dependent as well (7, 9, 19, 33,
34, 37). Furthermore, measurements of the rate of step
(8], N atom recombination to give N,, gave values at
relatively high N-atom coverages that were significantly
higher than steady-state rates for the overall NO-CO re-
action (31). This, therefore, led to speculation that NO
dissociation, step [5], limits the rate of the NO-CO reac-
tion (4, 5, 31, 36), an idea that had been proposed pre-
viously (29). Again, the rate of this latter reaction, step [5],
is strongly dependent on the NO coverages and, therefore,
the NO adsorption/desorption equilibrium.

We will use of the above-described reaction model to
rationalize the comparative behavior of the two single
crystal surfaces studied here. As discussed below, much
of the data we obtained in the present study supports the
conclusion that the NO adsorption/desorption equilib-
rium determines, in large part, the rate and selectivity of
the NO-CO reaction.

It should be noted that in the mechanism shown above,
surface sites for adsorption and reaction (denoted as §)
are not distinguished for simplicity. There is ample evi-
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FIG. 11. Arrhenius plot of the rate of NO loss over Rh(110) (open

squares) and Rh(111) (solid squares). NO TONs are calculated from N,
and N,O values reported in Figs. 1 and 2 based on the stoichiometry
of the reaction [NO loss = 2(N, + N,O formed)].

dence in the literature that, for example, adsorbed mole-
cules may prefer different surface metal atom coordina-
tion geometries and therefore different binding sites that
do adsorbed atomic species, and even binding sites below
the first metal surface plane may be important for ad-
sorbed atoms as has been suggested recently for N(ad)
on Rh(110) (22). We raise this issue because it has, in
fact, been proposed that NO and N atoms were not in
direct competition for adsorption sites based on prelimi-
nary modeling of kinetic data obtained on Rh(111) (4) and
more recently on experimental measurements (32).

4.2. NO-CO Reaction Kinetics on Rh(110) and Rh(111)

4.2.1. Rates of Reaction and Apparent
Activation Energies

A direct comparison of overall NO-CO reaction rates
is made in Fig. 11, where the rates of NO consumption
obtained on both Rh(110) and Rh(111) are plotted. NO
consumption represents the best relative measure of over-
all activity because it does not depend on the selectivity
of the reaction (see Eq. [1] above). In this figure, we have
calculated the NO reaction rates from the N, and N,O
turnover numbers using the stoichiometry of the reaction
shown in Eq. [1]. Because the reactions were run at low
conversions it is too difficult to measure small changes
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in the NO signal in the gas chromatograph. It should be
kept in mind that we have normalized the rates on Rh(110)
to the total number of metal atoms in the rows and troughs
on this corregated surface. Despite this liberal estimate
of reaction sites, the rate on Rh(110) over the temperature
range studied here is as much as 6.3x higher than that
obtained on Rh(111), and the reaction proceeds with a
significantly lower apparent activation energy (27.2 vs
34.8 kcal/mol).

If one takes the view that NO dissociation limits the rate
of reaction (4, 5, 31, 36) (see Section 4.1), it is tempting
to simply attribute the differences in rates and apparent
activation energies on the two single crystal surfaces to
inherent variations in the kinetics of NO dissociation,
Step [5], with surface structure. It is well recognized that,
at least in low total adsorbate coverage ranges, the dissoci-
ation of small molecules on metals (6), and specifically
NO on Rh (7-9), is generally faster and requires lower
activation energies on rougher surfaces, such as the (110),
relative to smooth surfaces (e.g., (111)). However at high
surface NO coverages, the structure dependence of NO
dissociation rates may not be as important as at low cover-
age. We say this because at high NO coverages the NO
dissociation rates are dominated by the chemically modi-
fying influence of the coadsorbates themselves, as well
as the lower overall availability of dissociation sites (32,
33). Because of the NO coverage-dependent effects, the
quantitative differences in overall rates and apparent acti-
vation energies observed in the present study cannot be
confidently rationalized based on low coverage estimates
of NO dissociation rates. For the NO-CO reaction, many
of the individual elementary reaction steps can and do
have very similar reaction rates under the conditions of
temperature and pressure used in the present experi-
ments. Because of this fact, intuitively simple arguments
should be used with caution (this should be kept in mind
in all of the discussion to follow). Kinetic modeling,
planned for the near future, should help to identify the
most likely reaction step(s) whose rate(s) are significantly
different on the two single crystal surfaces. However,
important clues to the variable behavior are contained in
the pressure dependence of reaction that we discuss next.

4.2.2. Pressure Dependence of the Reaction Rates and
N,O Selectivities

For Rh(111), under virtually all experimental conditions
where we can accurately measure TONs in this (Fig. 5)
and a previous (4) study, the reaction rates for the forma-
tion of any of the products (CO,, N,, and N,0O) show
little if any dependence (approximately zero order) on the
partial pressure of either reactant. This means, of course,
that the N,O selectivity is also independent of reactant
partial pressures (e.g., as shown in Fig. 6). Similarly,
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we found that the reaction was zero order in CO partial
pressure over Rh(110) at an NO pressure of 8 Torr (Fig.
3). However, the dependence of the reaction rates on
NO partial pressure for Rh(110) shown in Fig. 4, and
correspondingly, the N,O selectivity (Fig. 6) are consider-
ably different below and above 600 K. Similarly, a com-
parison of the results shown in Figs. 7 and 8 demonstrates
that N,O selectivities become dependent on NO pressure
on Rh(111) at temperatures above 700 K. As such, we
consider these two reaction regimes separately.

4.2.2.1. Low-temperature (<600 K) behavior. We
first consider the reaction regime that is characterized by
kinetics and N,O selectivities that are essentially zero
order in the partial pressures of both reactants. This re-
gime was discussed at some length in recent papers by
Belton and Schmieg (4) and Ng er al. (5), so we only
briefly summarize the main conclusions here. In these
previous papers, it was argued that the remarkable insen-
sitivity of the reaction rates and selectivities over Rh(111)
(4) and Pt,(Rhgy(111) (5) catalysts to virtually all experi-
mentally accessible variables was most simply and most
plausibly rationalized in the following way. For the rea-
sons discussed above in Section 4.1, the two nitrogen-
containing products, N, and N,O, are assumed to form
competitively from the separate reaction Steps [7] and
[8], and not via a common surface intermediate N,O-like
species {both reactions [2] and [7] occurring simultane-
ously). Then, N,O selectivities do not change with reac-
tion conditions because the surface coverages of the reac-
tants of steps [7] and [8], NO and N atoms, are not chang-
ing. This, of course, implies that the surface coverages
of CO and O atoms are not likely changing either although
their steady-state concentrations are expected to be small
due to the fact that the surface reaction between adsorbed
CO and O atoms is so rapid. For example, steady-state
rates of CO, formation from the CO + O, reaction on Rh
single crystal catalysts (10, 27) are at least an order of
magnitude higher than those reported here for the NO-CO
reaction shown in Figs. 1 and 2.

Because the temperature and pressure dependencies of
the adsorption, desorption, and decomposition rates for
NO (and CO for that matter) are considerable, the lack
of variation in the surface coverages must then result from
the fact that the surface is essentially saturated at the
sites where NO (and CO) initially adsorb for our reaction
conditions. Only at much lower total or partial pressures
than we are able to access in these experiments (or at
much higher temperatures, see below) would the N,O
selectivities be expected to vary with temperature and/or
reactant pressures. In fact, studies of the NO-CO reaction
over Rh carried out in UHV at pressures below 1073 Torr
all show the formation of N, as the only N-containing
product (19-22). At the higher total pressures used in this
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study, running reactions at significantly higher tempera-
tures (>600 K on Rh(110), for example) will result in
changing surface coverages and correspondingly in chang-
ing kinetics and N,O selectivities as demonstrated in the
next section.

4.2.2.2. High-temperature (>600 K) behavior. At
temperatures above 600 K over Rh(110), both the reaction
rates (Fig. 4), and the N,O selectivities (Fig. 6) depend
on NO partial pressure. Furthermore, a comparison of the
results shown in Figs. 7 and 8 demonstrates that Rh(111)
shows similar NO pressure dependence above 700 K.
For both surfaces, the selectivity for N,O decreases with
decreasing NO pressure. Ng et al. recently proposed that
changing surface coverages of NO and N (and possibly
CO and O as well) could account for similar results ob-
tained for the NO-CO reaction on a Pt;jRhg(111) alloy
catalyst (5). Notably, the higher temperatures lead to
lower steady-state concentrations of adsorbed NO. In the
mechanism proposed above in Section 4.1, it is suggested
that the rate of NO dissociation (step [5]) limits the overall
rate of reaction and, in turn, determines the N,O selectiv-
ity. Therefore, lower NO coverages that occur at higher
temperatures should lead to more rapid NO dissociation,
higher N atom coverages, and a correspondingly higher
propensity for N, formation relative to N,O (lower N,O
selectivities). This is most clearly indicated by the fact
that an increase in NO pressure at these high temperatures
results in an increase in the N,O selectivity for both Rh
surfaces (compare Figs. 7 and 8) because, of course,
higher NO pressures will lead to higher NO coverages as
long as the NO surface coverage is sufficiently far away
from saturation.

It is useful to discuss the results shown in Fig. 9 at
this point as they lend further support to the mechanistic
arguments that we have been making. In the figure, it is
demonstrated that the N,O selectivity drops significantly
on Rh(110) at higher NO conversions for reaction at 650
K. (While Rh(111) shows no sensitivity to NO conversion
at this temperature (see Section 4.3 below), we believe
(38) that just such a sensitivity would be observed for
temperatures above 700 K on this surface.) At sufficiently
high NO conversions (>50%), NO partial pressures will
be significantly lower, thereby leading to a drop in the
surface coverage of NO, more facile NO dissociation,
and, therefore, lower N,O selectivities.

The results shown in Fig. 4 demonstrate that, at temper-
atures above 600 K on Rh(110), the N,O selectivity de-
creases with decreasing NO pressure. In addition, the
rate of CO, formation and NO consumption is increasing
as the NO pressure is decreased (we calculate a 25%
increase in NO consumption between 10 and 1 Torr). This
apparently negative order region is suggestive that the
NO coverage on Rh(110) is changing at the lowest NO
pressures and highest reaction temperatures. We suspect
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that similar results would be observed on Rh(111) above
temperatures of 700 K or at NO pressures below 1 Torr.
Unfortunately, we were not able to accurately measure
the pressure dependence of the reaction rates on Rh(111)
under these conditions due to limitations of the reactor
and GC detection. In any case, the result on Rh(110)
can again be rationalized within the model that the NO
dissociation rate (step [S]) limits the overall reaction rate
and that this rate is, in turn, slower at higher NO cov-
erages.

4.2.3. Summary: NO-CO Reaction Kinetics

In summary, the kinetic results obtained on both Rh
surfaces can all be readily accounted for with the model
discussed above in Section 4.1, with the important as-
sumption that NO dissociation (step [5]) is the critical step
(probably rate-limiting) under the high-pressure reaction
conditions used in these experiments. The mechanistic
arguments that we make also rely on the important fact
that NO dissociation rates are suppressed at high NO
surface coverages (7, 9, 33, 34, 37). Therefore, the NO
adsorption/desorption equilibrium is a primary determin-
ing factor of N,O selectivities for both Rh(111) and
Rh(110) surfaces. (The variable behavior of these two
surfaces with respect to selectivity and its sensitivity to
reaction conditions is discussed below in Section 4.3.)
Before leaving this section, we would like to emphasize
again that this mechanistic picture should be tested with
mathematical modeling that uses, as much as possible,
measured kinetics of the elementary steps in order to
verify that it can quantitatively describe the overall reac-
tion kinetics observed here.

4.3. Effect of Surface Structure on N,O Selectivity

In this section, we discuss possible explanations for the
significantly different N,O selectivities observed on the
two single crystal catalysts used in this study, Rh(110) and
Rh(111). The fact that the selectivity for N,O as measured
over Rh(111) and Rh(110) shows quite different sensitivi-
ties to NO pressure (Fig. 6), reaction temperature (Figs.
7 and 8), and NO conversion (Fig. 9) will also be consid-
ered. At this point in time our understanding of the rates
of some elementary steps is too limited to allow us to
make definitive statements as to the details of how the
surface structure effects the N,O selectivity. Based on
the discussion in Sections 4.1 and 4.2, we proceed under
the assumption that the much greater tendency of Rh(110)
to form N, (much less selective for N,O) than Rh(111)
results from differences in the relative rates of reactions
[7] and [8] (Section 4.1). In addition, until we have ob-
tained further information as to the N atom recombination
rates and N,O formation rates on Rh(110), we must as-
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sume that the rate constants for these reactions are similar
on the two different surfaces. Within this framework of
assumptions, the differences in N,O selectivity must arise
from different steady-state coverages of NO and N atoms
on these two surfaces during high-pressure reaction. In
fact, we have some fairly direct evidence in support of
this assumption from the XPS results shown in Fig. 10.
Although we do not believe that these measurements di-
rectly determine the steady-state coverages, we argue that
they do reflect the fact that reaction on Rh(110) occurs
on a surface that contains significantly higher concentra-
tions of N atoms than does reaction on Rh(111). The main
question that we wish to address in this section is what
could give rise to these differences in steady-state surface
coverages. In order to answer this question, we must
address the selectivity in two distinctly different kinetic
regimes: low temperatures where the reaction for both
surfaces is zero order in NO, and at higher temperatures
where the (111) surface is zero order but (110) shows a
negative order in NO.

4.3.1. Selectivity Differences at Low (<600 K)
Reaction Temperature

For reaction at low temperatures (where both surfaces
are zero order in NO pressure), the simplest argument one
could make to account for larger steady-state coverages of
N-atoms on Rh(110) versus Rh(111) would be an intrinsi-
cally faster rate of NO dissociation on the former surface.
That is, there are certain more favorable surface geomet-
ric structures and/or electronic properties of the rougher
(110) surface that give rise to a more rapid rate of NO
dissociation. There is certainly a significant amount of
lore in the surface science literature that the dissociation
of molecules occurs more readily on atomically rough
surfaces like the fcc(110) than on smooth surfaces such
as close-packed fcc(111) (6). Recent work (7-9) suggests
just such a propensity for NO dissociation on Rh. Further-
more, results from TPD experiments following the adsorp-
tion of saturation coverages of NO on a number of single
crystal surfaces indicate that the relative proportion of
N, versus NO desorption is somewhat higher on Rh(110)
(22, 35) than on the (100) (34) or (111) (33) surfaces of
Rh. However, these TPD results do not provide direct
evidence for an intrinsically faster NO dissociation any
more than the steady-state kinetics that we present here.
Indeed, during TPD from all three Rh surfaces using low
coverages of NO, all of the adsorbed NO undergoes com-
plete dissociation with N, being the only N-containing
desorption product. In this low coverage limit, NO disso-
ciation is a very rapid reaction step that would probably
not be rate limiting to the NO-CO reaction. Therefore,
under reaction conditions where NO coverages are very
low, we would not expect that the NO-CO reaction rate
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to be particularly sensitive to the structural differences
in the NO dissociation rates. However, in the 1-100 Torr
pressure range NO coverages are likely near saturation
and thus dissociation rates in the low coverage limit may
in fact be misleading.

A second possible explanation that one can make as to
why the (110) surface has higher steady state N-atom
coverages focuses on the *‘self-inhibition’” of NO for dis-
sociation. It has been shown that adsorbed NO strongly
inhibits NO dissociation on Rh(111) and Rh(100) surfaces
(7, 33, 34). It is likely that this is true to some extent on
Rh(110) as well, but because of the more open structure
of the (110) surface, it seems reasonable that adsorbed
NO may not as strongly inhibit NO dissociation. By our
way of thinking, this is basically a steric argument
whereby the large surface atom spacing (between the
rows) gives the NO molecules more room within which
to lie down (presumably into the troughs) and thus dissoci-
ate. Under this scenario we explain our results in the
following manner. In the low temperature region (<600
K), the reactionis very close to zero order in NO pressure,
so it is clear that both surfaces are essentially saturated
with NO; therefore, the reaction is ‘‘fully inhibited’’ (to0
the extent possible on that surface) by adsorbed NO.
Within the zero order in NO domain, the (110) surface
produces more N, than will the (111) surface due primarily
to due less steric hindrance for NO dissociation at satura-
tion NO coverages. Thus, for saturation NO, the NO
dissociation rate is higher on (110) and the steady-state
N atom coverages are correspondingly higher.

The third possible explanation for higher steady-state
N-atom coverages on Rh(110) centers around the basic
competition of NO and N for sites on the Rh surfaces.
In recent work (32), we found that adsorbed N-atoms had
very little effect on either the amount of NO that can
adsorb on Rh(111) or on the rate that NO desorbs from
that surface. We suspect that the story is somewhat differ-
ent for the (110) surface. It appears that N-atoms have
a strong tendency to block NO adsorption on the (110)
surface. We base this conclusion on the XPS data shown
in Fig. 10. Recall that prior to introduction into the XPS
analysis chamber, the surface whose XPS spectrum is
shown in Fig. 10, was sitting at 300 K in 8 Torr of NO
and CO. Clearly, the surface would be saturated in NO
(no CO is observed) after such a treatment; therefore, we
contend that the reason so little NO is observed with XPS
is that the adsorbed N atoms are blocking NO adsorption
on this surface. We feel that this effect may be most
important in leading to lower NO coverages and likewise
faster NO dissociation on the more open surface. Our
current thinking is that deposition of N atoms on the
(110) surface tends to block further NO adsorption on
that surface, thus enhancing the NO dissociation rate by
lifting some of the NO inhibition of NO dissociation. As
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such, we are exploring the interactions of NO and N on
the Rh(110) surface in a manner similar to that previously
studied on the (111) surface (32). With our current under-
standing of the relative rates of elementary steps, any of
the above three arguments could explain the observed
differences in Rh(111) and Rh(110) kinetics in the zero-
order (in NO) domain where NO coverages are saturated.

4.3.2. Selectivity Differences at Higher Temperature

The preceding paragraphs gave plausible explanations
for the structure sensitivity in the low temperature, NO
pressure independent regime; however, we must still ex-
plain why the two surfaces show different NO pressure
dependencies at intermediate temperatures (600 K < T <
700 K). Recall that changing the NO pressure at 625 K
on the (111) surface does not lead to significant changes
in the selectivity for N,O, while on the (110) surface the
N,O selectivity falls sharply (Fig. 6) for NO pressures
below 10 Torr. Similarly, Fig. 7 demonstrates that N,O
selectivities are being dramatically lowered with increas-
ing temperature (600 K < T < 700 K) on Rh(110), while
the selectivity over the (111) surface does not change. It
is clear that the primary effect of lowering the NO pressure
must be to lower the surface NO coverage, which in turn
lowers the N,O production rate (Fig. 4) over Rh(110).
We assume that raising the temperature has primarily the
same effect; however, this may not be true since different
elementary steps have different activation energies.
Therefore, we will focus on the NO pressure-dependent
data by asking why the reaction remains approximately
zero order over Rh(111) in this same temperature/pres-
sure regime for which it is negative order (for N, and CO,)
over Rh(110). Clearly, lowering the NO pressure at a fixed
temperature must affect primarily the NO adsorption/
desorption equilibrium. Based on TPD results from clean
Rh single crystals (22, 33-35), there does not appear to
be any significant differences in the desorption rates of
NO from the (100), (111), and (110) surfaces. Therefore,
we are left to conclude that it is the NO adsorption part
of the equilibrium that is most different on the two sur-
faces. We suggest that since NO adsorbs via a mobile
precursor it is able to sample more adsorption sites when
adsorbing on the close packed (111) surface than when
adsorbing on the atomically rough (110) surface. Sampling
more sites during the adsorption process keeps the NO
sticking coefficient high (around 0.5 at low coverages on
both surfaces) to a much higher NO coverage on (111)
than on Rh(110). As a result we would expect higher
steady-state NO coverages on Rh(111) than on Rh(110)
under the same conditions of NO pressure and surface
temperature. The result of these subtle differences in NO
sticking would be that different NO pressures would be
required (at a fixed temperature) to saturate the two differ-
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ent surfaces. Thus, NO dissociation, which slows down
as the surface nears saturation (we estimate about a factor
of 3 difference in the dissociation rate for between 0.3
and 0.75 ML of NO on Rh(111) (32)), would be faster on
the (110) surface which has a lower NO coverage.

A second explanation as to why the two surfaces show
different NO pressure dependencies at intermediate tem-
peratures (600 K < T < 700 K) goes as follows. Given
that TPD data show a strong tendency for adsorbed NO to
inhibit NO dissociation (presumably by blocking needed
dissociation sites), it may be true that the functional de-
pendence of the NO dissociation rate on NO coverage
varies markedly on the two different surfaces. We would
suspect that over Rh(111) the dissociation rate is not very
sensitive to small changes in NO coverage for NO cover-
ages near saturation. Thus for Rh(i1l), rather large
changes (say 30% for the sake of this discussion) may be
required in order to get a significant change in the NO
dissociation rate and thereby affecting the overall reaction
rate or selectivity. If on the other hand, NO dissociation
on the (110) surface is very sensitive to small NO coverage
changes, then dropping the NO coverage by the same
30% (arbitrarily chosen) would have a larger (relative to
(111)) effect on NO dissociation. Thus, the (110) surface
would show selectivity differences for much smaller sur-
face NO coverage changes than does Rh(111) because
NO dissociation on (110) is more NO coverage sensitive.

4.3.3. Summary: Differences in Selectivity

What should be clear from the above discussion is that
although the N,O selectivity differences we observe in
this study are quite dramatic and that the differences can
be readily understood in terms of different steady-state
coverages on NO and N atoms on the two surfaces, the
underlying causes of these differences may be quite sub-
tle. It should also be evident that these subtle differences
can be understood only by making additional detailed
measurements of the NO adsorption (including sticking
coefficients), desorption, and dissociation rates. In partic-
ular we need these measurements to be made in the pres-
ence of coadsorbed N-atoms. Indeed, one of the most
useful aspects of this study is that it allowed us to very
specifically target several areas for which the current in-
formation regarding elementary steps is incomplete. It is
our observation that despite the relatively large number
of papers on the interactions of NO with Rh surfaces,
much of that work is either in a coverage or temperature
regime that is not particularly germane to reactions in the
10-Torr pressure range. Furthermore at this point in time,
our understanding of the reaction mechanism is too lim-
ited to make full use of some of the beautiful work done
characterizing surface structures with LEED and/or ad-
sorbate geometry with vibrational spectrocopies.
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4.4. Implications for Supported Catalysts

There are a number of similarities in the behavior of
these two single crystal catalysts and that observed for
high surface area oxide-supported Rh catalysts (11-17).
There are also a number of differences that seem to be
evident between the behavior of the model and more prac-
tical materials. These will be described and discussed in
this section in order to assess the general applicability of
the mechanistic insights gained in the present study of
model single crystal catalysts for understanding the reac-
tivity of the practical supported catalysts systems. Before
doing so, we remind the reader that there are clear differ-
ences in the reactor design in the two sets of studies (batch
reactor in the single crystal studies and flow reactors for
kinetic measurements of supported catalysts). As such,
not all results are expected to be exactly comparable. For
example, varying the space velocity in a flow reactor shifts
the temperature at which products can be detected and,
thus, kinetics studied over supported catalysts. Since in
most cases, the TON’s are not reported for supported
catalysts, then direct comparisons of rates are not usu-
ally possible.

As was discussed at some length in a previous paper
by Belton and Schmieg (4), the kinetic results (activation
energy, pressure dependence, product distributions) ob-
tained on Rh(111) are remarkably similar to those reported
for a 5 wt% Rh/SiO, catalyst by Hecker and Bell (11). Of
principle interest for the present study is the fact that
both of these catalysts showed N,O selectivities near 80%
and that the selectivities were largely invariant with NO
conversion. This behavior contrasts significantly with that
observed for low-loaded Rh/Al,O; materials where N,O
selectivities are generally lower and much more sensitive
to NO conversion levels (12-17). The results we report
here for the NO-CO reaction on Rh(110) (Fig. 9) are
similar to the results obtained over low-loaded Rh/AL O,
materials. The surfaces of small metal particles supported
on oxide materials are known to be quite heterogeneous
while larger particles tend to expose only a few (at most)
of the lower surface energy planes (largely (111) for fcc
metals) (39). Thus, a simple explanation for the different
behavior of the various supported catalysts is that it arises
from variations in surface crystallography. Indeed, the
remarkable similarity in the results for a highly loaded
silica-supported Rh catalyst (11) with those obtained here
and previously (4) on Rh(111) suggest that the surfaces
of these large Rh particles were predominantly (111)-ori-
ented. We would not propose that the smaller metal parti-
cles of low-loaded Rh catalysts are completely modeled by
the (110) surface (their surface structures are undoubtedly
more complex), and, in fact, we find several differences
for which we currently cannot completely account (see
below). Still, we believe that the present study has pro-
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FIG. 12. A comparison of CO, TONs from the NO-CO reaction
over Rh(110) (solid line extrapolated from Fig. 1), Rh(111) (solid line
extrapolated from Fig. 2), and several Rh/AlO;-supported catalysts
with varying particle sizes (15) as indicated.

vided strong evidence that surface geometric structure is
playing a crucial role in determining the reactivity and
selectivity of supported Rh catalysts for the NO-CO re-
action.

A more direct comparison between the present results
and previous studies of supported Rh catalysts (15) is
made in Fig. 12. A similar comparison (not shown) of the
kinetics for the CO-0, reaction from the same supported
Rh catalysts (15) with previously published measurements
on single crystals (10, 27) shows that both supported and
single crystal catalysts have nearly identical rates (per
surface atom). In Fig. 12 it is demonstrated that both the
absolute activities and the activation energies for CO,
formation from the NO-CO reaction are very similar on
the supported and single crystal catalysts. What is espe-
cially curious about this comparison, however, is that the
catalysts with the largest Rh particles (>200 A) appear
to have (110)-like activities while catalysts with intermedi-
ate-sized particles (50-150 A) show activities that are
comparable to those we obtained on Rh(111). A recent
study of the activity and selectivity of the n-butane hydro-
genolysis reaction compared the behavior of a number of
supported Rh catalysts with varying metal loadings with
Rh(111), Rh(100), and Rh(110) single crystals (40). In this
study, it was found that alumina- and silica-supported
catalysts containing metal particles as small as 25 A
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gave activities and selectivities that were comparable
to the kinetics measured on the Rh(111) surface. These
results are then, perhaps, consistent with the fact that
catalysts with intermediate-sized Rh particles show (111)-
like activity for the NO-CO reaction. However, this con-
clusion is clearly inconsistent with the results in Fig. 12
for the catalysts with the largest Rh particles as one ex-
pects the (111)-type behavior to dominate on these even
larger Rh particles. One complicating factor that must be
considered is that structural changes occur in the sup-
ported Rh catalysts depending on the gas phase composi-
tion and reaction temperature (40). For large particle (=60
A) silica-supported Rh catalysts, a moderate temperature
treatment in O, resulted in metastable surfaces that gave
n-butane hydrogenolysis selectivities more comparable to
those obtained from Rh(100) and Rh(110) surfaces (40).
High temperature (773 K) H, reduction restored (111)-
like selectivities. These results raise the intriguing possi-
bility that surface species present during steady-state
NO-CO reaction may themselves control the surface
structure of Rh particles in oxide-supported catalysts. In
fact, there have been several recent demonstrations that
adsorbed N (and O) atoms can restructure Rh surfaces
(22, 41, 42). Another important consideration, however,
is the fact that Oh and Eickel (15) find only a small varia-
tion in the N,O selectivity with particle size for catalysts
with Rh particles > 100 A.ltwould certainly be interesting
to follow the sensitivity of this selectivity for supported
catalysts with even smaller-sized Rh particles.

More generally, we believe that we have shown that
the overall behavior of both model and realistic catalysts is
similar. As such, we claim that the mechanistic arguments
made here almost certainly apply to the supported cata-
lysts. The primary conclusion of our kinetic studies is
that the NO adsorption/desorption equilibrium plays a
critical role in determining not only the overall rate of
reaction, but the selectivity for the various nitrogen con-
taining products as well. This is so because the surface
is essentially saturated with adsorbed NO under moderate
temperature and pressure conditions like those used in
this study and because high coverages of NO have such
a profound effect on the rate of NO dissociation.

V. CONCLUSIONS

CO and NO were reacted over both Rh(110) and Rh(111)
surfaces in order to understand the effect of Rh surface
structure on the activity and selectivity of Rh for NO
reduction. Our results show that the NO-CO reaction is
very sensitive to the Rh surface structure primarily with
regard to the selectivity of the reaction for N,O. With
regard to activity, or specific rates, we find that both
surfaces consume NO at similar rates, with reaction on
the (110) surface taking place between 1.5 and 13X faster
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than on Rh(111), depending on how you account for sur-
face sites on the Rh(110) surface and at what temperature
the comparison is made. Furthermore, we observed that
the (110) surface consumes NO with a lower apparent E,
than does Rh(111) over the range of temperatures and
pressures that we examined. In contrast to the sometimes
similar activities of the (111) and (110) surfaces, these
surfaces have very clear differences with regard to the
selectivity of the reaction for N,O formation. Qualita-
tively the (110) surface shows a much stronger tendency
toward N, production than does the (111) surface.
Whereas the (111) surface produces greater than 70% N,O
under almost all experimental conditions of this study,
we observed selectivities as low as 8% for the (110) sur-
face. At the present time, we do not have detailed model-
ing to account for these selectivity differences; however,
based on our kinetic results, we feel confident that the
differences in these two surface is related to the manner in
which adsorbed NO inhibits the NO dissociation reaction.
Available surface science results suggest that the NO de-
sorption does not differ significantly on these two sur-
faces. However, NO dissociation that was less ‘‘inhib-
ited’’ by coadsorbed NO on Rh(110) would lead to greater
steady-state concentrations of adsorbed N atoms, thus
providing more favorable conditions for N atom recombi-
nation relative to the NO + N atom reaction to make N,O.
With regard to supported catalysts, our results clearly
demonstrate that particle size effects are a reasonable
way of understanding the selectivity differences observed
for catalysts with different Rh loading.
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