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We have studied the effects of temperature, NO conversion, and
NO-CO ratio on the activity and selectivity of the NO-CO reaction
over a Pt;gRhg(111) surface. The NO-CO activity over the
Pt,oRhgy(111) is very similar to that over the Rh(111) surface from
573 to 648 K in that both surfaces have the same E,, reaction
orders, products, and selectivities. The turnover numbers for the
Pt,;Rhgo(111) alloy are slightly lower than those for Rh(111), when
compared on a per surface atom basis; however, the rates per
surface Rh atom are virtually unchanged. This behavior suggests
that the primary effect of Pt is to dilute the Rh surface atom
concentration; however, it is equally consistent with electronic
modification of all surface atoms. The surface composition remains
essentially unchanged over the range of reaction conditions that
we explored; however, we did not go extremely oxidizing, which
is the condition known to have the largest effect on the surface
composition. The Pt,;jRhy(111) single crystal mimics the behavior
of supported Pt—Rh catalysts in that both show high (~75%) selec-
tivity for N,O at low temperature, low conversion, or high NO-CO
ratio and low or zero N,O production at high temperature and
high NO conversion. Our conclusion is that the N,O selectivity
and the overall reaction rate are controlled by the NO adsorption/
desorption equilibrium. Adsorbed NO strongly inhibits the NO
dissociation reaction, keeping surface N coverages low. However,
once the temperature is raised or the NO pressure lowered, surface
NO coverages fall, accelerating the NO dissociation reaction and
likewise increasing the N + N reaction. We conclude that these
surface kinetics explain the curious N,O selectivities observed dur-
ing light-off of supported catalysts. © 1994 Academic Press, Inc.

1. INTRODUCTION

Platinum and rhodium are widely used in the current
generation of automotive catalytic converters because of
their unique catalytic activity and durability in automotive
exhaust (1, 2). Both platinum and rhodium are very effec-
tive at oxidizing CO to CO,, but it is generally believed
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that Pt is superior for hydrocarbon (HC) oxidation, with
Rh being best for NO reduction. Beginning in 1994, gov-
ernment regulations mandate that vehicle emissions for
both HC and NO must fall substantially from current
levels. Thus, there are increasing efforts to achieve better
activity from both Pt and Rh in automotive catalysts.
These tougher U.S. standards are being implemented at
a time when the rest of the world, primarily Europe,
is adopting regulations that will effectively double the
number of vehicles worldwide which are equipped with
a catalytic converter. This combination of tougher U.S.
standards and increased European usage has the potential
to strain the world’s Rh supplies. Given these strong pres-
sures on noble metal supply, it is imperative that Rh and
Pt be utilized as effective as possible for the control of
automotive emissions; one part of our effort is focused
on obtaining a more detailed understanding of the reactiv-
ity of these vital catalyst components. To this end we
have a continuing program to define and understand the
reaction kinetics over well-defined single-crystal catalysts
under conditions of temperature 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 areas and no support effects, they
are ideal for activity comparisons between different met-
als and metal alloys.

The experiments presented here examine the NO-CO
activity of a Pt,,Rhg,(111) alloy single crystal. Our interest
in Pt-Rh alloys stems from recent reports that in actual
catalytic converters the majority of the noble metal parti-
cles exist as multimetallic particles (3). In this paper we
examine the activity of a Pt/Rh alloy crystal with primarily
three questions in mind. First, we wish to probe the effect
of adding Pt, which is less active for NO reduction, to the
more active Rh component. Single crystals are especially
suitable for making this type of comparison because the
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number of surface or active metal atoms is well defined;
therefore, no ambiguities from estimating active metal
surface area are introduced into the comparison with the
Rh-only catalyst. Another advantage that single crystals
offer for an experiment of this kind is that by using surface
analysis we can very precisely define both the surface and
the bulk Pt and Rh concentrations. For the experiments
presented here we know that Pt is enriched at the surface
relative to the bulk, making the surface concentration of
our catalyst approximately Pty; Rho, (4, 5). We have also
already determined in ultrahigh vacuum (UHYV) surface
science that the Pt,;Rhg(111) alloy behaves as if it has
‘‘averaged’’ surface electronic properties for oxygen de-
sorption (5) and NO dissociation (6). Second, we wish to
contrast the activity and selectivity of the Pt—-Rh single
crystal to those reported for supported Pt—-Rh catalysts.
When CO and NO are reacted over supported Pt—Rh
catalysts, the N,O selectivity is a strong function of reac-
tion temperature and/or NO conversion (7). This ten-
dency to form N,O under laboratory conditions is quite
different from what is observed in engine exhaust, where
it has been reported that very little N,O is actually pro-
duced (8). Understanding the kinetics which lead to N,O
vs N, formation is quite important, considering that
N, is the desired product from catalytic converters on
cars.

Finally, we are interested in making more complex com-
parisons of single-crystal and supported catalyst reactivi-
ties. Kinetic measurements over single-crystal catalysts
are important primarily because they offer the best sys-
tems for detailed understanding of reaction kinetics and
mechanisms. This statement is true primarily because sin-
gle crystals are amenable to measurements of the rates of
individual or elementary steps in the mechanism. Without
measurements of the rates of at least some of the elemen-
tary steps it is virtually impossible to verify/eliminate a
given reaction mechanism. Although single crystals
clearly cannot reproduce the activity of supported sys-
tems under all conditions, there is ample evidence that
for simple feeds (CO-0,) over monometallic catalysts,
supported and single-crystal catalysts have very similar
activity (9). We have already studied the NO-CO and
CO-N,0 (11) reactions over Rh(111) in the same appara-
tus. In our previous paper (10), we showed that N,O is
the major N-containing product of the NO-CO reaction
over Rh(111) over a wide range of pressures above 2 Torr.
The paper by Belton and Schmieg (10) showed that earlier
work over Rh(111) (9) correctly measured the overall reac-
tion rate (CO, formation rate) but was incomplete in that
it was unable to detect the nitrogen-containing products
(N,O formation was not addressed). In this paper we
examine a more complicated bimetallic catalyst, Pt—-Rh,
and a reaction, NO-CO, that exhibits rather complicated
kinetics. In a parallel study, we have examined the CO-0,

395

and CO-N,O activities on the same Pt-Rh alloy sur-
face (12).

There have been a number of papers on the NO-CO
reaction at pressures around 10 Torr over supported Rh
(13—-18) and Pt—-Rh (7, 19, 20) catalysts, in addition to
several papers on Rh (21-26) and Pt—Rh (27, 28) single-
crystal catalysts. Most of the moderate pressure kinetic
data to date over Pt—-Rh alloy single crystals are for the
NO-H,; reaction (29), which we do not address here. Over
supported Rh, supported Pt—Rh, and Rh single-crystal
catalysts, there is now general agreement as to the kinetics
and selectivities at low temperatures and/or low NO con-
version. Over all of these catalysts it is reported that
N,0 is the primary N-containing product, the apparent
activation energy (above 480 K) is between 33 and 38
kcal/mol, and the reaction rate and selectivity are roughly
independent of both the CO and the NO pressures (be-
tween 1 and 100 Torr). In contrast, the behaviors of these
catalysts appear to be different at higher temperatures
and/or NO conversions. Whereas Rh(111) (10) and 5 wt%
Rh/SiO, (13) make less N,O at high temperature than at
lower temperature, N,O remains the primary product. On
the other hand, Rh/Al,O;, (16-18) and Pt/Rh/Al,O;, (19,
20) catalysts produced almost exclusively N, at high tem-
peratures and NO conversions. Understanding these very
interesting variations in Kinetics is in part the motivation
for this work.

In this paper we report that addition of Pt to a Rh
surface has primarily a dilution effect on the Rh activity.
Whether this occurs locally or by an averaged electronic
effect is difficult to distinguish. Substitution of 30% of the
Rh surface atoms by Pt atoms lowers the specific rates
for all of the reaction products (CO,, N,0O, and N,) by
about 35%. The selectivity behavior of this Pt ;Rhg,(111)
alloy is quite similar to that reported for a | wt% Pt/0.2%
Rh/Al,O;-supported catalyst (7) for N,O formation. These
results suggest that formation of alloy particles of Pt and
Rh in supported catalysts has primarily the effect of low-
ering the activity of the Rh component. As for the reaction
kinetics, our results suggest that the important surface
phenomenon for controlling the selectivity of the reaction
is the NO adsorption/desorption equilibrium.

2. EXPERIMENTAL

2.1. Apparatus

The experiments were performed in a custom-built sys-
tem that couples a UHV analysis chamber to a moderate-
pressure (<100 Torr) reactor. The reactor and analysis
chamber are separated with a gate valve. The UHV analy-
sis chamber is equipped with a wide array of surface
analytical techniques. For this study we used Auger elec-
tron spectroscopy (AES), X-ray photoelectron spectro-
scopy (XPS), and low-energy electron diffraction
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(LEED). The gases used in these experiments were 99.0%
NO and 99.99% CO (Scott Specialty Gases). The NO had
<0.15% N,0O and <0.5% N, contamination, while the CO
was in an Al cylinder and was trapped with a liquid nitro-
gen 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 vol-
ume of 0.756 liter and is pumped with a turbomolecular
pump with an ultimate base pressure of 10~° Torr. The
pump is separated from the reactor with a gate valve. A
Ta evaporator was attached to a miniconflat port on the
side of the reactor and consisted of a 0.015-in. etched Ta
wire spot welded to a 0.125-in. Ta post connected to a
15-A electrical feedthrough. The wire was ~25 mm from
the sample during evaporation. The sample could be trans-
ferred from the reactor to the UHV analysis chamber
within 5 min after reactor pumpdown, with a typical base
pressure of 107 Torr during spectroscopic analysis.

2.2. Sample Preparation

The Pt—-Rh sample was obtained from a boule of
Pt,(Rhy, oriented along the {111] direction. The crystal
was cut so that both sides of the sample were oriented to
+0.5 degree of the (111) plane as shown by the Laue
diffraction pattern. The sample was sanded and polished
with diamond paste, with the final polish being 0.25-um
grit. The Pt—Rh sample was elliptical (~5 x ~10 mm)
wth an area of ~0.4 cm’ per side and a thickness of ~1
mm. The number of active sites (including both Pt and
Rh) was calculated to be 1.25 x 10" (both sides).

The cleaning procedure consisted of flowing 99.9999%
H, over the sample in a quartz tube furnace for 4 days at
1275 K and 1 day at 1075 K. This procedure has been
shown to be effective at removing any low-Z impurities
from the bulk, such as C, B, P, and Si. The sample was
then repolished with 0.25-um diamond paste to remove
residues which may have been deposited on the surface
during the furnace treatment. After polishing, the sample
was etched in hot HF : HNO, (3: 1) for several minutes.
The sample was mounted on a transfer device using four
etched 0.015-in. Ta wires spot welded to the back of the
sample for resistive heating. A 0.003-in. chromel-alumel
thermocouple was also spot welded to the back of the
sample to monitor the crystal temperature. After mount-
ing, the sample was rinsed with HNO; to remove spot
welding residue, followed by rinsing with distilled H,O
and methanol.

2.3. Sample Cleaning

A sharp (1 x 1) LEED pattern was obtained on the
front of the sample by Ar* sputtering (2 keV, ~12 uA)
for ~32 hr with the sample at 875 K, followed by annealing
at 1425 K for 10 min. This extensive sputtering treatment
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was necessary to obtain a sharp LEED pattern and has
been successful in ordering Rh single-crystal surfaces.
Sputtering removed all surface contamination and yielded
a surface concentration that was the same as the bulk,
Pt,,Rhy, , while the annealing treatment resulted in a stable
Pt surface concentration of 31% (*5%). The surface
cleanliness was monitored with XPS, while the surface
cleanliness and composition were monitored with AES.
The surface order was periodically checked with LEED.

2.4. Gas Chromatography Measurements

Reactions were done in a batch mode. All products and
reactants were measured with a Varian 3400 gas chroma-
tograph (GC) using simultaneous injection of sample
(2 x 250 ul) into each of two columns operated at 313 K
with a He carrier gas. 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 tempera-
ture 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). One sam-
ple 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 from the Hayesep
DIP column until the last molecular sieve component (CO)
eluted. At this point a valve was switched to direct the
Hayesep DIP effluent to the detectors for the measure-
ment of CO, and N,O. The experimental procedure for
making a rate measurement was as follows: (i) the gate
valves to the UHYV analysis chamber and the reactor tur-
bomolecular pump were closed, (ii) the reactants were
leaked into the reactor, (iii) the sample was ramped to
the reaction temperature at approximately 15 K/sec, (iv)
the timer was started when the sample was within 5° of
the reaction temperature, (v) the temperature was held
(x2°) for a specified time interval, (vi) the sample was
cooled to room temperature, and (vii) the gases in the
reactor were expanded into the evacuated GC sampling
loops.

2.5. Tantalum Evaporation

Ta was used to cover the back of the sample because
(i) the back already contained the Ta heating leads and
thermocouple, (ii) Ta oxide showed no activity for the
reaction studied, and (iii) it allowed us to characterize only
one side of the sample spectroscopically. Evaporation of
Ta was performed by passing ~12 A of current through
the Ta wire for 20 min, which was sufficient to cover the



NG ET AL.

back of the sample with ~50 A of Ta. XPS was used to
calculate the Ta oxide thickness by (i) assuming that a
uniform Ta oxide layer was deposited, (ii) measuring the
attenuation of the Rh(3ds;,) peak, and (iii) using a 15-A
escape length for the Rh(3d) electrons. AES showed no
Rh or Pt on the surface, only Ta and oxygen. Sulfur and
carbon contamination deposited on the front of the sample
during Ta evaporation was easily removed by oxidation
during reaction with 8 Torr of O, and 8 Torr of CO at
548 K. This treatment also more completely oxidized the
Ta, although the surface was mostly oxidized during evap-
oration due to background H,O in the reactor. Ta could
be removed by annealing the sample at 1425 K for 10 min
due either to diffusion into buik or to evaporation. The
rate and selectivity for the NO-CO reaction were mea-
sured prior to Ta evaporation to ensure that the Ta showed
no catalytic activity and had no effect on the product
distribution. Ta oxide blocks the Pt—Rh sites on the back
of the sample since the rate of the front and the back is
twice the rate of the front with Ta oxide on the back. The
activation energy and selectivity were unchanged,

2.6. Surface Composition of Pt (Rhy(111)

The surface composition of this particular Pt—-Rh alloy
single crystal was previously studied in great detail using
a combination of ion scattering spectroscopy (ISS), and
AES (4). In (4) it was shown that, under the conditions
applicable to this paper, AES (corrected for Pt and Rh
relative AES cross-sections) is a reliable indicator of the
surface composition. In agreement with previous papers
(4, 5) we determined that after the Pt,,Rhy, surface was
sputtered at room temperature for 30 min with Ar™ at 2
keV/12 uA the Pt concentration was almost exactly 10%,
which is the bulk concentration. After the room tempera-
ture sputtering, the Pt—Rh alloy was then annealed at 1425
K for 10 min and AES data were taken. At this point, AES
showed that the Pt surface concentration had increased to
31% (£5%). This result is also in complete agreement
with the previously reported Pt—Rh alloy behavior. Based
on these two endpoints, we feel confident that we can
rely on the previous AES/ISS calibrations to define the
surface Pt and Rh concentrations.

Next the sample was placed in the moderate-pressure
reactor with 8 Torr CO/8 Torr of NO, and the reaction
was run at 623 K for 5 min. After this treatment the sample
was returned to the UHV system, and AES spectra were
obtained without any further heating of the sample. After
the reaction AES indicated that the Pt concentration had
dropped from 31% to about 22%. Next the crystal was
flashed to 875 K to desorb NO and N from the surface.
After the flash to 875 K, the Pt concentration, as measured
by AES, increased to 28%. Based on previous, very exten-
sive ISS/AES studies we do not expect the surface Pt
concentration to change during this relatively low-temper-
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ature, postreaction anneal. Therefore, we conclude that
the true surface Pt concentration is 28% during reaction
and does not change significantly, as during our experi-
ments. At this time we are investigating the apparent
preferential screening effects that give anomalously low
surface Pt concentrations after the NO-CO reaction.

3. RESULTS

3.1. NO-CO Activity

Figure 1 shows the turnover number (TON) for CO,,
N,O, and N, formation plotted in an 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 Pt,(Rhgy(111) crystal. In the temperature
range represented in Fig. 1 (573 to 698 K), the three prod-
ucts (CO,, N,O, and N,) are formed with apparent activa-
tion energies, E,, of 31.2, 30.9, and 32.8 kcal/mol, respec-
tively, when the data are analyzed using an Arrhenius
equation. The corresponding preexponential factors (v)
are 4.6 x 10", 2.4 x 10", and 3.2 x 10" site ™' sec™'.
For the experiments in Fig. 1 the data are obtained only
over that temperature range for which we could accurately
measure TONs—which means that the reaction time is
greater than 30 sec—while keeping the overall NO con-
version below 12%.

In Fig. 2 we show a direct comparison of the CO, TONs
for reaction of NO and CO (8/8) over both Rh(111) and
Pt,gRhy(111). For simplicity, only the CO, TONs are plot-
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FIG. 1. Specificrates of CO,, N;O, and N, formation for the NO-CO
reaction over Pt;;Rhy(111) as a function of inverse temperature.
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FIG. 2. Comparison of specific rates of CO, formation for the CO
+ NO reaction over PtjgRhy(111) and Rh(111) [Sa] as a function of
inverse temperature. Both surfaces have similar TONs and apparent
activation energies.

ted; however, exactly the same trends are observed for
both N,O and N, formation rates. The Rh(111) data were
measured in previous experiments (10) in the same reactor
using the same experimental method as that used to mea-
sure the Pt,;Rhgy(111) reaction rates. However, after the
Rh(111) data were obtained but before the Pt,(Rhy,(111)
measurements were made, the GC was upgraded to allow
for separation and detection of N,. For the Rh(111) the
N, formation rates were calculated from the known stoi-
chiometry of the reaction and the measured N,O and CO,
formation rates (10). In Table 1 the activation energies
and preexponential factors for CO,, N,O, and N, forma-
tion over both Rh(111) and Pt,;Rhy,(111) are given. The
Table 1 data show that Rh(111) exhibits a slightly higher
activation energy and preexponential factor for formation
of all three products than does the Pt,(Rhg,(111) surface.
These differences fall just within the largest possible error
limits expected in our measurements, which suggests that
there may be a small E, difference for the reaction over
these two different surfaces. As for the specific rates,
taking CQO, as the measure of the overall reaction rate we
find that the Pt;(Rhgy(111) TONs—activity on a per sur-
face atom basis (not per surface Rh atom)—are between
35 and 50% lower than the Rh(111) TONSs over the temper-
ature range where data for both crystals exist.

Figure 3 shows the effect of NO pressure on the
NO-CO reaction rate over Pt,;Rhg(111) at two different
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TABLE 1

Apparent Activation Energies and Frequency Factors for CO,,
N,O, and N, for the NO-CO Reaction over Pt;jRhgy(111) and
Rh(111)

Pyo = Pco = 8 Torr CO, N,O N,
Rh(111)
EJ 33.6 34.1 32.8
vt 6.0 x 10" 5.3 x 108 6.6 x 1012
PtRh(111)
ES 31.2 30.9 32.8
pt 4.6 x 10 2.4 x 102 3.2 x 10"
¢ kcal/mol.

» Molecules/site-sec.

temperatures (623 and 698 K). The CO pressure was kept
constant at 8 Torr, and the NO pressure was varied from
2 to 40 Torr. Figure 3 shows that, within experimental
error, the CO,, N,O, and N, TONs are invariant with NO
pressure over the NO pressure range examined. Thus,
the NO-CO reaction has an apparent zero-order depen-
dence on the NO pressure. A similar experiment was
performed to obtain the CO reaction order. Figure 4 shows
the reaction rate data obtained with the NO pressure con-
stant at 8 Torr and the CO pressure varied from 2 to 40
Torr, at T = 623 and 698 K. As in the NO reaction-order
dependency, the TONs of CO,, N,O, and N, are not

3.000 [ PtRh(111)
’ R, = 8 TORR
T= 698 K

1,000 :'002 <& ] .
SN . N
i NZO N -

300 |- ©
L N = 2 o

TON (MOLECULES/SITE-SEC)

100
> 1. c
i
¢ L)
30
10F 4
0 N, J o
? [ A boa e asl [ ] N
1 2 3 5 10 20 30 50

NO PRESSURE (TORR)

FIG. 3. The CO,, N,O, and N, TONs as a function of NO pressure
with a fixed CO pressure of 8 Torr at 623 and 698 K over Pt;;Rhg(111).
The data show that the production of all three products has an apparent
zero order dependence on NO pressure.
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FIG. 4. The CO,, N,O, and N, TONSs as a function of CO pressure
with a fixed NO pressure of 8 Torr at 623 and 698 K over Pt jRhg(111).
The data show that the production of all three products has an apparent
zero order dependence on CO pressure.

sensitive to the change of CO pressure over the pressure
range studied. Thus, the NO-CO reaction also has an
apparent zero-order dependence on the CO pressure.

3.2. N,O Selectivity

The selectivity of N,O [defined as moles of N,O/(moles
of N,O + moles of N,)] is found to be centered around
80% in all the experiments described above. However,
those experiments were performed at temperatures be-
tween 573 and 698 K with a NO conversion of less than
12%. This temperature/conversion regime represents the
parameter space in which we can very accurately deter-
mine the specific rates of the reaction. However, because
it has been reported that N,O selectivity falls dramatically
at high temperatures and/or high NO conversions, we
decided to explore the high-temperature/conversion re-
gime. It should be noted that under these reaction condi-
tions the reaction ran too fast for us to accurately deter-
mine the specific rates; i.e., reaction times in our batch
reactor are less than 10 sec. We believe, however, that
the reaction rate is not mass transfer limited in this high-
temperature regime since the TONs continue to increase
as the temperature is increased. Although we cannot accu-
rately determine the absolute reaction rates, we can stiil
accurately measure the N,O selectivity. In Fig. 5 we show
the effect of temperature on N,O selectivity using three
different gas mixtures: 8 Torr NO/40 Torr CO (8/40), 8
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Torr NO/8 Torr CO (8/8), and 40 Torr NO/8 Torr CO
(40/8). Conversion of NO is kept below 20% in these
experiments to minimize possible complications from
conversion effects. At temperatures below 648 K, the
selectivity toward N,O ranges between 73 and 82%, with
an average selectivity of around 78% for all reactant mix-
tures. However, at temperatures above 648 K, the selec-
tivity of N,O is a strong function of temperature and
this temperature-dependent selectivity is also a strong
function of the reactant mixture employed. The data of
Fig. 5 show that N,O selectivity decreases significantly
from 74% (648 K) to 24% (823 K) for the 8/40 sample,
while the N,O selectivity for the 8/8 mixture decreases
from 79% (648 K) to 33% (823 K). For a higher NO pres-
sure (40/8), the selectivity for N,O decreases more mod-
estly from 76% (623 K) to 54% (873 K).

As described in Section 2.4, there is a short heating and
cooling cycle in our reactor that may contribute reaction
products that are formed in the ramping up and cooling
down cycles. This effect can be significant especially
when the reaction time is relatively short. For example,
the reaction time is only 1 sec for the data obtained at 823
K to keep the NO conversion low. In order to investigate
whether an even higher N, selectivity can be obtained,
the following experiment was performed: first, the gas
manifold was pressurized with the reactant mixture that
upon opening the reactor inlet valve, would give an 8/8
mixture in the reactor; second, the crystal was maintained

1.0
PtRh(111)

[ < 20% NO CONVERSION
08| —a P,=8TORR

R,=40 TORR

0 SELECTIVITY

04

2

Ro= 40 TORR
Ro= 8 TORR

0.2

=8 TORR

o
Ro= 8 TORR

0-0 PO U | | I - | A 1

550 600 650 700 750 800 850 900
TEMPERATURE (K)

FIG. 5. Effect of temperature on N,O selectivity for three different
reactant mixtures: Ppo/Pyg = 8/40. 8/8, and 40/8. Conversion of NO
was kept below 20%. For all three mixtures the N,O selectivity drops
for temperatures above 700 K.
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at 823 K at 10~% Torr vacuum; third, the reactor inlet
valve was then quickly opened and closed to fill the reac-
tor; fourth, the reactor outlet valve to the GC sample loop
was quickly opened to obtain a sample. In this way, the
reactant mixture did not go through a heating and cooling
period. Indeed, by using this approach, the selectivity of
N,O from an 8/8 mixture can be further pushed down to
22 from 33% at a comparable NO conversion. It should
be noted that in other cases when the reaction time is on
the order of minutes, the contributions from the heating
and cooling period have been determined to be insig-
nificant.

In order to probe the effect of the amount of N,O built
up in the gas phase on the N,O selectivity, we performed
the experiment shown in Fig. 6. In Fig. 6 we plot the N,O
selectivity vs the amount of NO converted into product
for reactions of three different mixtures of NO-CO: 8/8,
40/8, and 8/40. The reaction was run at 698 K. For the
8/8 mixture, the N,O selectivity decreases from 76 to 63%
as the first 6 Torr of the NO is consumed; however, as
the last 2 Torr of NO is consumed the N,O selectivity
drops much more sharply, falling below 50%. In a com-
panion experiment the same reaction was next run with
a 40/8 mixture. In this experiment we are able to convert
the same amount of NO into N,O and N, without drasti-
cally altering the gas-phase NO pressure. As Fig. 6 shows,
under conditions where the total NO conversion is low

1.0

PtRh(111)

Féo = 8 TORR
[ T=698K P
NO

= 40 TORR

08I y 4

= Tt

-
S 06
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1 NO
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(<20%) the same number of NO molecules can be con-
verted into product without significantly changing the
N,O selectivity from its initial value of 76%. On the other
hand, the 8/40 mixture shows a trend similar to that of
the 8/8 mixture, except that the selectivities are lower by
10-20% throughout the conversion range.

Figure 7 addresses a different question: what is the
effect of temperature at high NO conversions? To address
this question the N,O selectivity was measured over a
wide range of NO conversions at two different tempera-
tures. What Fig. 7 shows is that provided the reaction
temperature is 623 K or below, running the reaction to
very high NO conversions has virtually no effect on the
N,O selectivity: it remains near 76%. However, if the
reaction is run 75 K higher, then the selectivity behavior
is quite different. As Fig. 7 shows for the data obtained at
698 K the N,O selectivity falls from its low NO conversion
value of 78% to about 50% by the time 90% of the NO
in the reactor is consumed.

In a final experiment we assessed the feasibility that
gas-phase N,O could readsorb and react further to make
N,. In this experiment we measured the N, TON at 698
K for a mixture with 8/8 with varying amounts of added
N,O (0.5 to 80 Torr). We focused on the N, TONs be-
cause very large amounts of added N,O made it dif-
ficult to account for the N,O formed accurately. For the
10 different N,O pressures we explored, we found no
evidence that the N,O that we added to the gas phase
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was reacting to form N,. This statement is based on our
observation that the N, TONs with N,O added were un-
changed from those observed without any added gas-
phase N,O.

4. DISCUSSION

4.1. Reaction Kinetics of PtgRhgy(111)

N,O is the undesirable product of the NO-CO reaction
because of its importance as a ‘‘greenhouse’’ gas; there-
fore, the selectivity for N, versus N,O is the aspect of
the NO—CO reaction of the most practical importance. It
is also true that the selectivity for N,O poses some very
interesting fundamental questions because of the very
rich N,O formation kinetics exhibited by Rh and Pt-Rh
catalysts. It is well known from laboratory studies that
N,O is the major product of the reaction at low tempera-
tures and/or low NO conversions, but that only N, is
formed at higher temperatures and/or higher NO conver-
sions (15-18). This transition from N,O formation to N,
formation is typically observed for supported catalysts in
flow reactors as the catalyst goes through ‘‘light-
off”’—light-off is defined as the temperature for 50% NO
conversion. Perhaps the primary experimental advantage
that the experiments we present here have is that our
experiments were conducted in a batch reactor. Although
this reactor design has some limitations, one advantage
of a batch reactor is that it is trivial to decouple two
important variables, those being reaction temperature and
reactant conversion.

4.1.1. Low-temperature (<700 K) behavior. In this
section we discuss the Kinetic behavior of the
Pt,(Rhy(111) catalyst at temperatures below 700 K, where
we observe that the NO-CO reaction is remarkably insen-
sitive to reaction conditions of the gas-phase composition,
reaction temperature, and NO conversion. With regard
to gas-phase pressures, Figs. 3 and 4 show that the TON's
for all three products are independent of both NO and
CO pressure (between 2 and 40 Torr); therefore, the reac-
tion is zero order in both NO and CO pressure. With
regard to reaction temperature, in Fig. 1 and Table 1 we
show that the F, for formation of all three products is the
same, 32 kcal/mol, within experimental error. Thus, as
temperature is varied there is no change in the selectivity
for the reaction. This point is also made strongly in Fig.
5, which shows that this temperature insensitivity holds
for a wide range of different gas-phase compositions. With
regard to NO conversion, Fig. 7 shows that at 623 K the
selectivity does not depend on the percent NO conver-
sion. However, at 698 K, the upper limit of the low-
temperature region, we do see that as we approach 100%
NO conversion the reaction starts to produce more N,
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than N,O. We consider these data (698 K) in the next
section.

How do we explain the remarkable insensitivity of the
NO-CO reaction to reaction conditions in this low-tem-
perature regime? Looking first at the pressure depen-
dence, the first and most obvious inference of the zero-
order reaction kinetics is that changes in the gas-phase
composition do not result in significant changes in the
surface coverages of the reactants (NO, N, CO, O).
Within our temperature and pressure range, there is only
one reasonable explanation for why the surface coverage
is independent of the gas-phase pressures: the surface is
either saturated with or very near saturated at the sites
where the NO and CO initiully adsorb. It is our view that
NO and CO, which adsorb in atop or bridging sites (22,
23), are not in direct site competition with N and O, which
are known to adsorb in the threefold hollow sites (22, 23).
Thus, it is not a requirement that the hollow sites be
saturated but merely that the atop and bridging sites be
effectively saturated. By effectively saturated we mean
that either all atop and bridging sites are full or that the
NO and CO sticking coefficients are very low for the few
sites that remain on the surface. We bring up this sticking
coefficient argument because it is known that CO and NO
adsorb via a mobile precursor (30), which means that the
sticking coefficient falls sharply as the surface coverage
nears saturation, making it increasingly more difficult to
fill the last sites on the surface (31). Thus for temperatures
below 700 K the surface is effectively full of adsorbates
in the atop and bridging sites and as a consequence, vary-
ing the NO and CO pressures has no effect on the reaction
rate or selectivity. Postreaction XPS analysis suggests
that the surface is NO covered; however, this type of ex
situ analysis can be flawed if during sample cooling and
reactor evacuation a significant amount of desorption oc-
curs. Considering how strongly NO and CO are adsorbed
on Rh, we feel that the postreaction analysis is qualita-
tively correct in suggesting that the surface is largely NO
covered during the reaction.

In the preceding paragraph we make the point that the
pressure independence of the activity results from the
fact that the surface is effectively full of NO. Why then
is the N,O selectivity insensitive to reaction temperature?
One would think that as the temperature is raised reaction
and/or desorption would tend to clean up the surface,
leading to surface coverage changes. However, this is
not the case when the flux of reactants to the surface is
sufficiently high so as to dominate any increases in reac-
tion rates obtained by increasing the temperature (E, is
about 32 kcal/mol). We believe that for NO pressures
above 2 Torr and temperatures between 500 and 700 K
changes in surface temperature do not significantly affect
the surface coverages of NO, N, CO, and O. Thus, in
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this temperature and pressure regime the selectivity and
reaction orders do not change significantly with temper-
ature.

4.1.2. High-temperature (>700 K) behavior. At tem-
peratures near or above 700 K the kinetic behavior of the
Pt,oRhy(111) starts to change from that observed at lower
temperature. This change is marked primarily by the fact
that the N,O selectivity is strongly dependent on the reac-
tion temperature, the gas-phase composition, and the per-
cent NO conversion. For all three gas mixtures examined
in Fig. §, raising the temperature decreases the N,O selec-
tivity. This means that E, is no longer the same for both
N, and N,O formation as it was at lower temperatures,
Also, the fact that gas-phase composition affects the selec-
tivity (Fig. 5) means that the reaction is no longer zero
order in either NO or CO pressure. This change in pres-
sure dependence from zero-order to nonzero-order kinet-
ics can only mean that above 650-700 K the surface cover-
ages are no longer stable and therefore probably not
saturated. In other words, the surface coverages are now
changing with reaction conditions, and this gives us a
powerful handle on the reaction mechanism.

The effect of reaction temperature on the N,O selectiv-
ity is examined in Figs. 5 and 7. The data of Fig. 5 show
that as the temperature is raised above 700 K, the selectiv-
ity for N,O begins to fall. The details of this selectivity
decrease (Fig. 5) are strongly dependent on the NO and
CO pressures; but, in all cases the amount of N,O pro-
duced (relative to N,) falls as the temperature is increased.
As for reactant pressures, the data of Figs. 5 and 6 best
address the effect of reactant pressure on the N,O selec-
tivity above 700 K. At elevated temperatures (say 800 K)
changing either NO or CO pressure has an effect on the
selectivity for N,O. As shown in Fig. 5, increasing the
NO pressure from 8 to 40 Torr increases the N,O selectiv-
ity from 45 to 60% (800 K). Figure 6 shows that the effect
of reactant pressures holds for virtually any NO conver-
sion. Since the selectivity is changing as the NO or CO
pressure is raised, we know that the surface coverages
must be changing in response to these gas-phase pressure
changes. The primary effect on the surface of increasing
the NO pressure must be to increase the NO coverage,
which in turn increases the N,O selectivity. Increasing
the CO pressure from 8 to 40 Torr (Fig. 5, 800 K) affects
the selectivity for N,O but not nearly as much as increas-
ing the NO pressure. Increasing the CO pressure reduces
the NO coverage somewhat, while increasing the NO
pressure increases the NO coverage more, thus enhancing
N,O selectivity. This is consistent with postreaction anal-
ysis of the surface, which suggests that CO coverages
are small under all conditions. Therefore, changes in CO
coverage lead to rather small changes in selectivity.
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The final effect to discuss is the effect of NO conversion
on N,O selectivity. Figures 6 and 7 address this point in
two different ways. In Fig. 7 we show that, provided the
temperature is around 700 K, running the reaction very
near to completion has the effect of lowering the N,O
selectivity. Although the effect is not very large, keep in
mind that in this batch reactor the selectivity measured
at 95% conversion reflects the integral of the selectivities
over all conversions up to that point. Since the selectivity
is relatively stable at about 65-75% up to 65% conversion,
as the last 30% of the NO is reacted (Fig. 7) the selectivity
must then be quite low in order to lower the integrated
selectivity to below 50%. We calculate that for NO con-
versions above 65% the selectivity of N,O is only about
20%. We conducted measurements as a function of NO
conversion, primarily because this is a very commonly
observed quantity in flow reactors; however, in actuality
our experiment changes two variables at once: it de-
creases the pressures of the reactants (NO and CO) and
it increases the pressures of the products (N,O, N,, CO,).
Provided that readsorption and further reaction of the
products are negligible, product generation is not a prob-
lem. However, for the NO-CO reaction there is some
question of whether N,O readsorption and reaction are
important (16). In order to address whether reactant re-
moval or product generation is more important for con-
trolling the selectivity at high NO conversions, we per-
formed the experiment in Fig. 6. In this experiment we
used three different gas mixtures and ran the reaction for
various times at 698 K. The x axis of Fig. 6 is not percent
NO conversion, as is typically plotted, but instead gives
the amount of NO (in Torr) converted to product. Thus,
for the case with 40 Torr NO the overall NO conversion
is very low, although the amount of NO reacted is the
same as for the 8-Torr case where the NO conversion
is quite high. These data strongly suggest that product
generation at high NO conversions is not the important
parameter in determining the N,O selectivity. Instead,
they support the data of Fig. 5 in that they show that
lowering the gas-phase NO pressure (or raising CO pres-
sure) is the more important factor in determining the N,O
selectivity. Both of these pressure effects should give the
same surface coverage effect, namely a lowering of the
surface NO concentration. The study of the effect of N,O
addition on an 8/8 mixture futher supports this point,
since no changes in selectivity were observed over a wide
range of N,O pressures added.

4.1.3. Summary: Pt,yRhy(111) NO-CO kinetics. In
Section4.1.1 we discussed how the activity and selectivity
respond to changes in the reaction conditions. In this
section we give our view of how the surface response to
those changes and how that explains the observed activity
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and selectivity. It is our view that any valid mechanism
must be supported by modeling to show that it can quanti-
tatively describe the observed reaction kinetics. How-
ever, we feel that it is useful to give our view of how the
NO-CO reaction runs on this surface. In our opinion the
low-temperature kinetic data presented in Figs. 1-5 are
consistent with the following picture. The NO-CO reac-
tion rate and selectivity are controlled by the NO adsorp-
tion/desorption equilibrium, a fact previously recognized
by Oh and Carpenter (32). As a result of relatively slow
NO desorption and a high NO sticking coefficient, the
surface is effectively full of NO. The most important effect
of having this very high NO coverage is that it tends to
choke off NO dissociation. The fact that adsorbed NO
strongly inhibits NO dissociation (21, 24) is well known.
Thus, under reaction conditions the NO dissociation rate,
which is extremely fast at low coverage (22), is slowed
significantly by the presence of neighboring NO mole-
cules. Hence, this inhibition of NO dissociation by ad-
sorbed NO is what controls the delivery rate of N and O
to the formation of products. Changes in the reaction
temperature and reactant pressures have little effect on
the surface coverages of NO, N, O, and CO precisely
because the surface is effectively full of NO (above 2 Torr
NO and below 700 K) and the NO flux is high compared
to the desorption rate for NO. For this reason the selectiv-
ity and overall activity of the surface are insensitive to
gas-phase presssure (above 2 Torr). We suggest that even
greater insight into this reaction can be obtained by exam-
ining the reaction at pressures below 2 Torr of NO. As
the pressure is lowered one should observe the transition
from zero-order to nonzero-order kinetics with rates lim-
ited by the availability of NO. Unfortunately, we were
experimentally unable to obtain data at these lower pres-
sures.

Our results at higher temperatures give us good insight
into the most interesting aspect of the NO-CO reaction
over Rh-containing catalysts: the selectivity for N,O. By
taking advantage of the unique properties of our batch
reactor system, we have been able to decouple the reac-
tion temperature from the NO conversion. These quanti-
ties typically go hand-in-hand in most of the reported
supported catalyst data in flow reactors. Our results show
that both high-temperature and high-NO conversions
work in concert to effect a lowering in the selectivity for
N,O. We conclude that the important gas-phase phenome-
non that occurs at high-NO conversions is a lowering of
the NO pressure. The most important surface phenome-
non that occurs at high temperature is an increase in
the NO desorption rate. Both of these effects (lower NO
pressure and higher surface temperature) act to shift the
NO adsorption/desorption equilibrium so as to lower the
surface NO coverage. We speculate that the most im-
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portant result of lowering the NO coverage is to accelerate
the NO dissociation reaction. It is well known from NO
TPD experiments that high NO coverages prevent NO
dissociation at temperatures that are sufficiently high to
completely dissociate lower NO coverages (21, 24). We
speculate that as the NO coverage falls, the N,O selectiv-
ity drops because of a sharp increase in the amount of N,
formed, not a sharp decline in the N,O formation rate.
This speculation is based on new measurements of N +
N reaction rates by Belton e al. (33) over Rh(111). In
that paper, the authors showed that the N + N recombi-
nation rate is extremely sensitive to N coverage, with the
reaction rates changing by about 4 orders of magnitude
between low and high coverage. It is this strong coverage
dependence inthe N + N rate that we believe is important
for decreasing the selectivity for N,O.

4.2. Comparison of Pt,\Rhy(111) Kinetics
with those of Other Systems

4.2.1. Comparison with NO-CQO over Rh(111). One
of the goals of this study is to examine the effect of adding
Pt to a Rh surface. Under the conditions of these experi-
ments the Pt,,Rhgy(111) surface has about 30% Pt and 70%
Rh at the surface (see Section 2.6). Our results show that
when compared in the same temperature range (573 to
648 K), Pt;,Rhy(111) and Rh(111) (10) have almost the
same NO-CO activity. We make five comparisons of the
NO-CO activity of Pt;(Rhy(111) and Rh(111) in this pa-
per. First, the reaction products are the same for both
surfaces: N,, N,C, and CO,. Second, N,O selectivity is
very similar, being between 70 and 80% N,O below 650
K. Third, the NO-CO reaction is roughly zero order (Figs.
3 and 4) in both CO and NO pressure for formation of
all three products over the pressure range we examined.
Fourth, the activation energies for formation of N,, N,O,
and CO,, (Fig. 2 and Table 1) are very similar: all are
around 32 kcal/mol. Fifth, the TONs for N,, N,0, and
CO, formation (Fig. 2) are slightly lower for Pt,jRhg(111)
than for Rh(111). We find that the reaction runs between
35 and 50% slower (CO, molecules surface site ™' sec™")
on the Pt (Rhgy(111) surface. Perhaps a better way to look
at the data is to calculate the rate per surface Rh atom
instead of per surface atom (Pt and Rh). On a per Rh
atom basis the TONs are the same, within experimental
error, for the two surfaces. Based on this TON compari-
son we conclude that there is no evidence for any Pt—-Rh
synergism or strong poisoning of the NO-CO reaction
within the temperature and pressure range where both
have been investigated. The simplest way to view the
activity of the Pt,,Rhg(111) surface is to conclude that
the surface Pt atoms merely dilute the surface Rh concen-
tration and lower the activity as inert site blockers. Alter-
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natively, it could also be the case that all the atoms are
active with averaged properties of Pt and Rh. There is no
way to distinguish these possibilities based on our data.
However, UHV measurements of the NO dissociation
rate on the Pt—Rh alloy surface give the activation energy
for NO dissociation intermediate between that for NO
dissociation on Rh(111) and Pt(111) (6), suggesting the
possibility of electronic ‘‘averaging.”

4.2.2. Comparison of Pt (Rhgy(111) to other Pt—Rh sin-
gle crystal studies. To our knowledge, the data we pre-
sent here represent the first direct comparison of
Pt,;Rhoy(111) and Rh(111) single crystals for the NO-CO
reaction at moderate pressures. There have been other
studies using several crystal planes of Pt—Rh alloy for
NO-CO in the 10~7 mbar range (27, 28) and Pt—Rh(100)
surface for NO-H, reaction in the 10~ mbar and 10 mbar
range (29). For the NO-CO study, the reaction rate in-
creases in the order Pt—Rh (111) > (100) > (410) > (210).
However, there was no measurable difference when the
surface composition of Pt—Rh(111) was changed from 25
to 45% Pt. Thus, we are confident that the differences in
selectivity and activity observed are not due to small
changes in surface composition during reaction. Contrary
to our work, no N,O formation was reported, probably
because of the low reactant partial pressures employed.
As discussed in later sections, N,O formation requires a
high concentration of both N, and NO,. Though NO-H,
is a different reaction from NO-COQ, there is an interesting
analogy to the formation of N,O. First, the amount of
N,O formed increased with NO partial pressure; second,
the N,O formed decreases with increasing temperature.
This trend is consistent with what we observe for the
NO-CO reaction. It should be noted that in that study
(29), N,O is a very minor product in the 10~7 mbar regime.

4.2.3. Comparison of Pt ,Rhe(111) and supported
Pt-Rh. In a recent study by Leclercq et al (7), the effect
of Rh addition on the NO-CO activity and selectivity of
a Pt/AlL O, catalyst was reported. The catalyst was a 1%
Pt-0.2% Rh/Al,O; catalyst, and the reaction mixture is
0.5 mol% CO and 0.56 mol% NO in helium. The Sy, is
around 90% at 433 K, decreases gradually to 50% at 563
K, and then sharply drops to 0% N,O within the next
30 K. The shape of the selectivity-temperature curve is
remarkably similar to our single-crystal data. However,
the temperature is shifted by about 150 K. This can be
attributed to local heating effects or to differences in crys-
tallographic planes of the supported catalyst particles.
Unfortunately, TONs were not reported to allow a direct
comparison with our kinetic data. Nevertheless, the simi-
larity in the N,O selectivity-temperature curves suggests
that the supported Pt—Rh catalyst mimics the behavior of
a Pt-Rh single crystal.
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4.3. Mechanistic Considerations

4.3.1. Previously proposed mechanisms. The mecha-
nism of the NO-CO reaction over Pt—Rh single crystals
has not been discussed in detail in previous papers. How-
ever, as we show here the activity of this crystal is virtu-
ally indistinguishable (within the parameter space for
which both have been studied) from that for Rh(111) and
supported Rh catalysts. For this reason it is safe to assume
that the mechanism for reaction over this alloy is the
same as that for the Rh only surface. This assumption is
consistent with our conclusion that the Pt surface atoms
do not considerably perturb the activity of the Rh atoms.

Several different reaction mechanisms for the NO-CO
9, 13, 15, 17, 34, 36) reaction have been put forth over
the years. For completeness and ease of subsequent dis-
cussion we simply list all of the reaction steps that have
been proposed as part of NO reduction mechanisms.
They are:

CO, + S < CO, (1
NO, + S < NO, [2]
NO, + S—=N, + O, (3]
CO, + 0,— CO,, + 28 (4]
NO, + N,—» N,0, + S (5]
NO, + N,=» N, + O, + S (6]

N,0,— N,0, + S (7]

N,0,— N,, + O, (8]
N, + N,— N,, + 2S. [9]

As stated above, the important issue with regard to this
reaction is the selectivity for N,O. There are basically
two different ideas as to how the reaction proceeds and
therefore how the selectivity is controlled.

In one scheme, proposed for supported Rh catalysts,
both N,O and N,, at least at low temperature, come from
a common intermediate which forms by reaction of NO
and N (13, 15, 17, 34, 36). Within the context of this
mechanism the selectivity is controlled by the relative
rates of disproportionation to give N, and desorption to
give N,O from this intermediate. In the case where these
ideas were applied to explain the selectivity transition
(from N,O formation to N, formation) at ‘‘light-off,”’ it
was assumed that N,O disproportionation became much
more important at those temperatures and or conversions.
A second mechanism in the literature is one that was
formulated to explain the activity over both single-crystal
Rh and supported Rh catalysts (9). This second mecha-
nism differs from the first primarily in that it has N, formed
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by two different pathways: NO + N-— N, at low tempera-
tures and N + N at high temperatures. This second mech-
anism has NO dissociation being a very fast reaction and
thus N atom removal as the rate-limiting step. This mecha-
nism did not include a step for N,O formation and thus
did not address the N,O selectivity issues.

4.3.2. Pertinent UHV measurements of elementary
steps. Most, if not all, of the ambiguities about the mech-
anism for the NO-CO reaction over Rh and by extension
over Pt—Rh are due to uncertainties in the rates of the
elementary reaction steps. One of the biggest problems
is centered around the rate for the N + N reaction. Ex-
actly what rate constant was employed for this reaction
determines whether it can contribute to product genera-
tion. Recently Belton ef al. (33) made some new measure-
ments of the N + N reaction rate over Rh(111) ina UHV
study. The most important result of that paper was that
the reaction N + N — N,, which was previously thought
to be rather slow, can in fact be as much as 100 times
faster than the N, formation rates reported in this paper
(Fig. 1). This result is critical in that it points out that
N + N is certainly fast enough to account for the N,
formed at higher pressures. These results show that N
atom removal is not inherently (meaning regardless of
the N coverage) the rate-limiting step in the reaction. A
second and equally important result of that paper is the
observation that the N atom recombination rate is very
strongly dependent on N atom coverage. In their paper,
Belton et al. report that the reaction rate can vary by
as much as 10,000 times between low and high N atom
coverages. As a result, very small changes in N coverage
give very large differences in the N, formation rates.

In a second study, Belton et al. (35) looked at the reac-
tion of isotopic mixtures of NO and N on Rh(111). The
purpose of those experiments was to determine the prod-
ucts of the N + NO reaction, basically to probe reactions
[5] and [6] above. Those results showed no evidence for
a NO + N — N, reaction; however, we did observe the
formation of N,O via NO + N — N,0. Although these
results do not prove that the NO + N — N, reaction does
not occur, our measurements of both NO + N and N +
N reactions show that the simplest plausible explanation
is that NO + N forms N,0, and N, comes from N +
N. Based on these new elementary step measurements,
together with the experimental evidence obtained in this
study, we propose that the following mechanism should
be used to describe the NO + CO reaction:

CO, + S« CO, [1a]
NO, + S« NO, f2a]
NO, + S—»N, + O, [3a]
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CO, + 0,— CO,, + 25 [4a]
NO, + N,— N,0, + S [5a]
N, + N,— N,, + 2S. [6a]

4.4. Implications to N,O Selectivity on
Supported Catalysts

The results of this study can shed some light on the
understanding of the light-off phenomena observed in sup-
ported catalysts. For low loaded Rh/Al,O, catalysts,
*‘light-off>” is characterized by a sharp increase in the NO
conversion, which is accompanied by a sharp decrease
in the N,O selectivity (15-18). Further, in data taken
for actual engine exhaust it has been shown that N,O
emissions are very small under ali operating conditions.
(8). Our single-crystal catalyst appears to undergo the
transition from high N,O production to N, production
more slowly than do supported catalysts. We believe this
difference in the behaviors of supported and single-crystal
catalysts is partially attributable to heat- and mass-trans-
fer effects. We base this conclusion on two observations.
First, when NO and CO are reacted over supported cata-
lysts a very large exotherm is generated when the catalyst
“lights-off,”” which results in a very sharp temperature
rise in the catalyst bed (100 K/sec for supported catalysts
in our reactor). For single crystals, this sharp temperature
rise is not obtainable. It appears that for the single crystals
heat conduction is relatively rapid compared to the rate
of heat release (controlled by the number of Rh surface
atoms) and thus no large change in catalyst temperature
occurs at light-off. It is our belief that the large reaction
exotherm over supported catalysts (which is not present
for single crystals) gives rise to two effects. We suspect
that the catalyst temperature deviates from the gas-phase
temperature (which is typically measured for flow reactors
with supported catalysts), leading to ambiguities as to the
true particle surface or reaction temperature. Also, it is
possible that at these high surface temperatures the reac-
tion becomes so fast that it becomes diffusion limited.
Hence, the NO arrival rate at the surface is slow compared
to the reaction rate, and thus NO coverages are low,
leading to high selectivity for N,. In our batch reactor we
observe that after light-off, supported catalysts are in fact
operating diffusion limited (reaction rate is independent
of catalyst temperature). It is our belief that these two
effects (particle temperatures in excess of gas-phase tem-
peratures and limited diffusion into the catalyst pores)
contribute to sharpen the selectivity transition at light-off
primarily by lowering the surface NO coverage. Thus it
is our opinion that heat- and mass-transfer effects account
for some of the differences in the temperature dependence
of the N,O selectivity. However, in some recent experi-
ments over Rh single crystals (37), we have shown that
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the N,O selectivity is sensitive to surface structure. In
those experiments, a more open (110) surface made more
N, and less N,O than did the close-packed (111) surface.
Based on these results it seems likely that particle size
effects could account for some of the differences observed
for different types of catalysts.

5. CONCLUSIONS

We have studied the effects of temperature, NO conver-
sion, and NO-CO ratio on the activity and selectivity of
the NO-CO reaction over a Pt,yRhg(111) surface. The
NO-CO activity over the Pt,(Rhg(111) is very similar to
that over the Rh(111) surface from 573 to 648 K in that
both surfaces have the same E,, reaction orders, products,
and selectivities. The TONs for the Pt,jRhg(111) alloy
are slightly lower than those for Rh(111), when compared
on a per surface atom basis; however, the rates per sur-
face Rh atom are virtually unchanged. This behavior gives
the appearance of simple dilution by Pt of the Rh surface
atom concentration; however, an averaged electronic ef-
fect would also be consistent with the data. We have
additional evidence supporting electronic effects: the fact
that higher rates are seen for the CO-0O, reaction (12).
The surface composition remains essentially unchanged
over the range of reaction conditions that we explored;
however, we did not go extremely oxidizing, which is the
condition known to have the largest effect on the surface
composition. The Pt;;Rhy(111) single crystal mimics the
behavior of supported Pt—Rh catalysts in that both show
high (~75%) selectivity for N,O at low temperature, low
conversion, or high NO-CO ratio and low or zero N,O
production at high temperature and high NO conversion.
Our conclusion is that the N,O selectivity and the overall
reaction rate are controlled by the NO adsorption/desorp-
tion equilibrium. Adsorbed NO strongly inhibits the NO
dissociation reaction, keeping surface N coverages low.
However, once the temperature is raised or the NO pres-
sure lowered, surface NO coverages fall, accelerating the
NO dissociation reaction and likewise increasing the
N + N reaction. We conclude that these surface kinetics
explain the curious N,O selectivities observed during
light-off of supported catalysts.
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