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The reduction of nitric oxide with carbon monoxide has been investigated on the Rh(lOO) single- 
crystal surface. Steady-state kinetic measurements, at 688 K and in the pressure range 1 .O to 1800 
Pa, indicate that this process proceeds via a Langmuir-Hinshelwood-type mechanism and is selec- 
tive toward the production of Nr and COr. The carbon monoxide kinetic order varied continuously 
from + 1 to - 1 as the partial pressure of CO was increased from 1 to 250 Pa, at a constant NO 
partial pressure of 57.5 Pa. In a similar manner, the nitric oxide kinetic order varied continuously 
from +f to -1 as the partial pressure of NO was increased from 1 to 1800 Pa, at a constant CO 
partial pressure of 44.0 Pa. The catalyst surface was characterized with Auger electron spectros- 
copy (AES), low-energy electron diffraction (LEED), and thermal desorption spectroscopy (TDS). 
Initial Auger analysis revealed surface contamination by sulfur, phosphorus, and boron. The boron 
contaminant was identified by AES and by the formation of boron (3 x 1) or (3 x 3) ordered 
overlayers. These contaminants were removed via cycles of argon ion bombardment, reactive ion 
bombardment, and high-temperature annealing. Nitric oxide adsorbed with a high sticking coeffi- 
cient and formed a c(2 x 2) ordered overlayer at saturation. The nitric oxide adsorbate dissociated 
upon slow stepwise heating as indicated by the production of a surface oxide and disappearance of 
surface nitrogen. Thermal desorption experiments at a faster heating rate indicated, however, that 
most of the adsorbed nitric oxide desorbed molecularly in a first-order process with a peak at 401 K 
during the temperature flash. Carbon monoxide adsorbs molecularly in two distinct sites with 
desorption from both following first-order kinetics with TDS peaks at 373 and 425 K. A kinetic 
model was developed which is consistent with both the steady-state kinetic and surface character- 
ization results. The kinetic data were fit to the steady-state rate law derived from this mechanism 
involving the reduction of adsorbed nitrous oxide and nitrogen dioxide species by molecularly 
adsorbed carbon monoxide. 0 1986 Academic Press, Inc. 

INTRODUCTION 

The reduction of nitric oxide has been 
studied extensively in recent years and has 
been the subject of several reviews (I-3). 
This work is motivated at least in part by 
the effort to remove nitric oxide from vari- 
ous exhaust streams to improve air quality. 
The most effective catalyst from a practical 
standpoint is supported rhodium metal, due 
primarily to its ability to reduce NO selec- 
tively to N2 under automotive exhaust con- 
ditions (4-6). 

The mechanism of nitric oxide reduction 
is unclear and there have been relatively 

I Present address: MASTL, Dow Chemical U.S.A., 
1604 Bldg., Midland, Mich. 48667. 

few mechanistic studies examining the NO/ 
CO process on well-characterized rhodium 
surfaces. Campbell and White (7) utilized 
flash desorption spectroscopy (FDS), titra- 
tion, and steady-state kinetics to examine 
nitric oxide reduction with carbon monox- 
ide on polycrystalline rhodium wire. These 
authors reported that adsorbed nitric oxide 
dissociates into adsorbed atomic nitrogen 
and oxygen. Two adsorbed nitrogen atoms 
combine and desorb as molecular nitrogen. 
The adsorbed oxygen reacts with either ad- 
sorbed or gas-phase carbon monoxide to 
form the carbon dioxide product. These 
results were based primarily on the FDS 
and titration experiments and a detailed ki- 
netic analysis was not performed. Dubois et 
al. (8) have recently reported evidence for 
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an oxygen intermediate in the NO/CO pro- 
cess on the Rh(331) single-crystal surface 
utilizing high-resolution electron energy 
loss spectroscopy (HREELS). These au- 
thors conclusively illustrated the existence 
of a surface oxide after a 1-L (1 L 
(Langmuir) = 1.333 X 10e4 Pa set) nitric 
oxide exposure and subsequent flash to 450 
K. In addition, both Auger electron spec- 
troscopy (AES) and HREELS demon- 
strated the lack of surface nitrogen after 
this procedure, indicating that the forma- 
tion of gas-phase molecular nitrogen is a 
fast process under these reaction condi- 
tions. A detailed steady-state kinetic study 
for the reduction of nitric oxide on well- 
characterized rhodium surfaces has not 
been reported previously. 

The reduction of nitric oxide on sup- 
ported rhodium catalysts has been reported 
extensively (4-6, 9-23). The formation of 
an isocyanate intermediate has been re- 
ported by several of these authors as an 
important intermediate in the formation of 
ammonia during the NO/CO process in the 
presence of water. The role of the isocya- 
nate intermediate in the selective reduction 
of NO to N2 is unclear. For supported rho- 
dium catalysts, the reduction of NO with 
CO will yield, in general, both nitrous oxide 
and molecular nitrogen as products. For ex- 
ample, Rives-Arnau and Munuera (9) re- 
ported that the amount of nitrous oxide pro- 
duced during the reduction of NO with CO 
reached a maximum at roughly 500 K, and 
subsequently decreased with increasing 
temperature for Rh/SiO*. In addition, Arai 
and Tominaga (20) reported infrared spec- 
troscopic evidence for the isocyanate inter- 
mediate and proposed a mechanism for the 
formation of the nitrous oxide and molecu- 
lar nitrogen products via a Rh(NO)(CO) in- 
termediate. 

The results reported here consist of a de- 
tailed examination of the steady-state kinet- 
ics of the selective reduction of NO with 
CO to molecular nitrogen and carbon diox- 
ide on the Rh( 100) surface. The initial reac- 
tion rate was determined over a wide vari- 

ety of process conditions in the pressure 
range between 1 and 1800 Pa. The catalyst 
surface was characterized with Auger elec- 
tron spectroscopy (AES), low-energy elec- 
tron diffraction, (LEED), and thermal de- 
sorption spectroscopy (TDS). These results 
were used to develop a chemically reason- 
able mechanism consistent with both sur- 
face characterization and steady-state ki- 
netic results. 

EXPERIMENTAL 

The apparatus and procedures used dur- 
ing this investigation have been described 
in detail previously (14, 15). Only a brief 
summary will be given here. The schematic 
of the ultrahigh vacuum system used for the 
steady-state kinetic and thermal desorption 
experiments is shown in Fig. 1. A capaci- 
tance manometer was used to accurately 
measure the partial pressure of the reactant 
gases. A variable leak valve was used to 
continuously sample the gas phase in the 
reaction cell. The composition of this sam- 
ple was determined with a quadrupole mass 
spectrometer (UT1 100-C). 

Sample preparafion. The Rh( 100) single- 
crystal sample was cut using spark erosion 
from a macroscopic single-crystal rod ob- 
tained from Materials Research Corpora- 
tion. The sample was aligned via the stan- 
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FIG. 1. Schematic drawing of ultrahigh vacuum sys- 
tem used for steady-state kinetic and thermal desorp- 
tion experiments. 
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dard Laue X-ray backscattering methods. 
The cut single-crystal disk was mechani- 
cally polished to a mirror finish, and was 
within 1 degree of the desired orientation. 
The catalyst sample was essentially cylin- 
drical in shape with a diameter of 0.7 cm, 
and was 0.75 mm thick. The total surface 
area of this sample was 0.93 cm2, of which 
82% consisted of the Rh(100) single-crystal 
surface, the remaining 18% being edge 
area. This disk was then mounted in the 
reaction cell by spotwelding a 0.25mm 
tungsten support wire directly on the sam- 
ple, which was then spotwelded to a l.l- 
mm tungsten support rod mounted in the 
reaction cell. The temperature of the sam- 
ple was monitored with a 0.076 mm tung- 
sten/5% rhenium, tungsten/26% rhenium 
continuous thermocouple, which was 
spotwelded directly onto the rhodium sur- 
face. 

The sample was cleaned, prior to the ki- 
netic rate measurements, via numerous cy- 
cles of oxidation, reduction, and high-tem- 
perature annealing. Several procedures for 
the preparation of atomically clean rhodium 
surfaces have been reported in the litera- 
ture (7, 8, 16-19) and similar procedures 
were used in this study. In the kinetic sys- 
tem, shown in Fig. 1, the criterion for a 
clean sample was necessarily that which 
produced a relatively high and reproducible 
reaction rate. Initially the catalytic activity 
of the Rh(lOO) sample was low and erratic. 
This was attributed to surface segregation 
of boron from the bulk of the sample. After 
numerous cycles of oxidation, reduction, 
and high-temperature annealing the reac- 
tion rate increased significantly and was re- 
producible to within 15%. 

Surface characterization procedure. The 
catalyst was characterized with AES, 
LEED, and TDS. The AES and LEED 
analysis were performed in a Varian ultra- 
high vacuum surface analysis system 
equipped with four-grid LEED optics, for 
LEED analysis, and a single-pass cylindri- 
cal mirror analyzer (CMA), for Auger elec- 
tron detection. Auger electron spectra were 

recorded in the derivative mode using a 
phase-sensitive detection method employ- 
ing a lock-in amplifier at a frequency of 17 
kHz with a modulation voltage of 5 V peak 
to peak. A coaxial electron gun, operating 
at a beam energy of 2 keV and a beam cur- 
rent of 0.5 PA, was used to produce the 
core holes. The Rh(100) sample was 
mounted on a rotatable offset precision 
x,y,z manipulator with a continuous ther- 
mocouple (W/5% Re, W/26% Re) mounted 
mechanically between the crystal sample 
and an indirect resistive heater. This ar- 
rangement allowed the sample to be heated 
in the range 300 to 1500 K. In addition, an 
ion gun was available for the purpose of 
cleaning the sample. The LEED patterns 
were obtained using the four-grid LEED 
optics at energies between 50 and 250 eV, 
and were recorded using high speed Polar- 
oid film. The surface analysis chamber was 
connected to an UHV gas manifold, via a 
variable leak valve, which allowed the sam- 
ple to be exposed to the gas of interest. 

Thermal desorption analysis was per- 
formed in the steady-state kinetic system 
shown in Fig. 1. The Rh(lOO) was cleaned 
prior to the TDS experiments as described 
in the preceding section. Thermal desorp- 
tion spectra were obtained for NO, CO, and 
CO2 at doses ranging from 0.01 to 100 L. 
The sample temperature was ramped from 
300 to 1048 K radiantly at 10 K/set while 
differentially pumping the cell. The desorp- 
tion peaks were observed by monitoring 
mass spectrometer ion currents as func- 
tions of temperature. Due to the strong in- 
teraction of nitric oxide with glass walls of 
the reaction cell, these were heated to 
150°C during the thermal desorption experi- 
ments involving nitric oxide. 

Kinetic procedure. The reduction of ni- 
tric oxide with carbon monoxide on the 
Rh(lOO) single-crystal surface was studied 
at a temperature of 688 K and in the pres- 
sure range of 1.3 to 6700 Pa. During a reac- 
tion run the catalyst temperature was main- 
tained, to ?3K, utilizing the focused light 
from a 1200-W projector bulb. This heating 
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method limited the temperature to a maxi- 
mum of approximately 600°C due to ther- 
mal conductivities of the reactant gases. 
The reduction of nitric oxide with carbon 
monoxide on rhodium metal produces three 
possible products, namely, NZ, N20, and 
CO*, as shown in 

NO + CO+;NZ + CO2 (1) 

2N0 + CO + N20 + CO*. (2) 

In order to distinguish between the possible 
formation of the nitrous oxide and carbon 
dioxide products, labeled carbon- 13 mon- 
oxide was used as a reductant during this 
mechanistic investigation. Under all reac- 
tion conditions examined during this study, 
carbon dioxide and nitrogen were the only 
products observed in the gas phase. In gen- 
eral, the progress of the reaction as a func- 
tion of time was continuously monitored by 
the change in the peak height of the 13C02 
(m/z = 45) mass peak. Since only initial 
rates were measured, this peak height had a 
linear time dependence. The reaction rate 
was calculated using the linear least-mean- 
squares regression line of the time depen- 
dence of the ‘CO2 product peak. 

The reaction rate was determined over a 
wide range of initial conditions. The proce- 
dure used to determine the reaction rate un- 
der a given set of conditions involved the 
following steps. First, the catalyst was 
cleaned prior to each kinetic run by reduc- 
tion in hydrogen (12.0 Pa, 4OO”C, 15 min), 
followed by high-temperature annealing 
(SSO’C, 10 min). The catalyst was then pre- 
heated to the desired reaction temperature, 
usually 688 K, with valve Cl closed. The 
appropriate partial pressure of each reac- 
tant was admitted into the gas manifold 
from the respective gas storage bulb, using 
the capacitance manometer to measure the 
partial pressure. With valves Sl and L3 
closed, and the variable leak valve previ- 
ously opened to a calibrated position, the 
catalytic reaction was initiated by simply 
opening valve Cl. The extent of the reac- 
tion was continuously monitored by the dif- 

ferentially pumped quadrupole mass spec- 
trometer, which analyzed a small sample of 
the gas phase via the variable leak valve. 
This valve allowed only a small portion, 
generally less than 1% of the reactor gas 
phase, to be removed from the catalytic re- 
action cell during a reaction run, which 
therefore operated as a static batch reactor. 
This procedure facilitated the measurement 
of the reaction product distribution, as well 
as the initial reaction rate, over a wide 
range of initial conditions. The reaction rate 
was converted to a turnover number (mole- 
cules/cm2-set) using several known system 
parameters. These included the reaction 
volume (1.99 liters), catalyst surface area, 
and mass spectrometer sensitivity, which 
was empirically determined and periodi- 
cally checked. The reaction rate deter- 
mined in this manner was reproducible to 
within 15%. 

Materials. The oxygen (99.995%), nitro- 
gen (99.998%), argon (99.9995%), hydrogen 
(99.998%), and carbon dioxide (99.998%) 
were obtained in l-liter glass bulbs with 
break seals from the Linde Division of the 
Union Carbide Corporation and were used 
without further purification. The nitric ox- 
ide (98.5%) was obtained in a lecture bottle, 
also from the Linde Division. Mass spec- 
trometer analysis showed the major impuri- 
ties to be other oxides of nitrogen, carbon 
monoxide, nitrogen, and a trace amount of 
argon. This gas was then vacuum distilled 
and loaded into l-liter Pyrex bulbs with 
break seals. Subsequent mass analysis 
showed no significant impurities. The car- 
bon-13 monoxide was obtained from the 
Mound Laboratory Division of the Mon- 
santo Corporation and had a 99% enrich- 
ment of carbon-13. The r3C0 (98%) con- 
tained 2% of argon and no other detectable 
impurities; this gas was used without fur- 
ther purification. 

RESULTS AND DISCUSSION 

Surface Characterization 

The catalyst surface was characterized 
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with a series of LEED/Auger and thermal 
desorption experiments. The objectives of 
these experiments were to establish a 
cleaning procedure and to characterize the 
adsorption-desorption properties of the re- 
actants and products relevant to the mecha- 
nisms of NO reduction with CO. Several 
systematic studies of the adsorption-de- 
sorption properties of individual small mol- 
ecules (i.e., NO, CO, HZ, 02, N2, etc.) on 
well-characterized rhodium surfaces have 
been reported previously (7, 8, 16-18, 20). 
The surface characterization portion of the 
present investigation served in part to con- 
firm, in part to extend, these prior results. 

A cut and polished Rh( 100) single-crystal 
surface was mounted on an offset manipu- 
lator and placed in the LEED/Auger sys- 
tem. An initial Auger spectrum, as shown 
in Fig. 2, revealed surface contamination 
by phosphorus, sulfur, and boron. This 
result is fairly typical and numerous clean- 
ing procedures have been reported to ob- 
tain a clean rhodium surface (8, 14, 16, 18, 
21). The exact procedure used in this inves- 
tigation involved high-temperature bom- 
bardment by reactive ion beams. The sulfur 
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FIG. 2. Auger spectra of Rh(100) surface during 
cleaning procedure: (a) initial Auger spectrum; (b) Au- 
ger spectrum after Hz and Oz bombardment; (c) Auger 
spectrum of clean Rh(100). 

contaminant was removed by cycles of 
high-temperature hydrogen ion bombard- 
ment (1000 eV, WO”C, 20 min), followed by 
annealing of the sample (IOOO’C, 10 min). A 
similar procedure has been reported previ- 
ously for removing carbon, sulfur, and oxy- 
gen from copper and steel surfaces (22). 
Phosphorus was similarly removed by cy- 
cles of high-temperature oxygen ion bom- 
bardment (1000 eV, 500°C 10 min) fol- 
lowed by annealing of the sample (lOOO”C, 
IO min). This procedure yielded a relatively 
clean surface, contaminated only with bo- 
ron, as shown in Fig. 2b. 

The boron surface contaminant was ex- 
tremely resistant to the above cleaning pro- 
cedure and could be removed only via nu- 
merous cycles of argon ion bombardment (3 
keV, 25°C 60 min), followed by high-tem- 
perature annealing (lOOO’C, 10 min). During 
this procedure it was noted that boron seg- 
regated to the surface from the bulk at tem- 
peratures greater than about 750°C. Initially 
upon surface segregation the boron formed 
a (3 x 1) ordered overlayer, and as boron 
was depleted from the bulk it then segre- 
gated to a lesser extent and formed a (3 x 3) 
ordered overlayer. A similar (3 x 1) over- 
layer has been observed previously (23) but 
not identified as boron. Once segregated to 
the surface, this boron could be reversibly 
oxidized (1.3 x 10m3 Pa 02, 500°C 1 min), 
and then reduced by high-temperature an- 
nealing (IOOO’C, 5 min). The boron oxide 
formed, most probably B02 (21, 23), could 
be identified by its characteristic Auger 
peak at 171 eV. Eventually a clean surface 
could be prepared using a single cycle of 
argon ion bombardment (3 keV, 25”C, 60 
min), followed by a high-temperature flash 
to repair the lattice damage (SOO”C, 30 set). 
The surface prepared in this manner exhib- 
ited no detectable impurities by AES, as 
shown in Fig. 2c, and displayed a sharp (1 
x 1) LEED pattern. 

Auger analysis of the adsorption of car- 
bon monoxide gave results similar to those 
reported previously by Castner et aI. (16) 
and thus will not be discussed here. It is 
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noteworthy to mention that no conclusive 
evidence for carbon monoxide dissociation 
was observed during this investigation. Dis- 
sociation of carbon monoxide induced by 
the probing electron beam was observed 
and this effect has been reported previously 
(24). 

Nitric oxide adsorbs with a high sticking 
coefficient and at saturation forms a c(2 x 

2) overlayer, which has been reported pre- 
viously (16). In order to characterize the 
thermal stability of this overlayer, the sam- 
ple was heated to successively higher tem- 
peratures for 10 min; Auger spectra were 
subsequently recorded at room tempera- 
ture. The results are shown in Fig. 3. The 
nitric oxide adsorbate is relatively stable up 
to 2Oo”C, showing only a small drop in cov- 
erage, as indicated by the small drop in Au- 
ger peak intensity. This small drop is most 
likely due to molecular nitric oxide desorp- 
tion occurring at approximately 400 K. At 
about 575 K, a precipitous drop in the nitro- 
gen peak intensity occurs, while the oxygen 
Auger peak remains relatively unaffected. 
At about 875 K, the oxygen Auger peak 
decreases likewise, and is essentially zero 
at 975 K. These results indicate competi- 
tion between two processes, namely, mo- 
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FIG. 3. Thermal stability of adsorbed nitric oxide as 
determined using the N and 0 KLL Auger peaks. 

lecular NO adsorption-desorption and NO 
dissociation followed by N2 desorption. 
The oxygen adsorbate either desorbs as 02 
or diffuses into the bulk, a process previ- 
ously reported to occur (16, 25). These 
results are in general agreement with the 
NO adsorption results reported previously 
(7, 8, 16-18, 20). 

The interaction of nitrogen and carbon 
dioxide likewise follows results published 
previously (7,8, 16-18,20). The adsorption 
of carbon dioxide produced a c(2 x 2) or- 
dered overlayer, as previously reported by 
Castner et al. (16) and considered to most 
probably represent dissociative adsorption 
into adsorbed carbon monoxide and oxy- 
gen. All attempts to adsorb molecular nitro- 
gen failed. 

In an effort to examine the state of the 
catalyst under reaction conditions, a coad- 
sorption experiment was performed with a 
l/l mixture of NO/CO at 688 K, and a total 
pressure of 8 X 10e3 Pa. The result of this 
experiment is summarized in 

c(2 x 2) 
(1 x 1) 8 x IO-' Pa, .rP.lrn O(ads) 0.08 - 0.05 

Rh a N(ads) 0.09 - 0.20. (3) 
C(ads) 0.21 - 0.13 

The range of coverage reported here rep- 
resents the two methods used to record the 
Auger spectra. The figures in the left-hand 
column represent the calculated coverages, 
if the gas phase is removed first and then 
the substrate is reduced to room tempera- 
ture, prior to recording the Auger spectra. 
The figures in the right-hand column repre- 
sent the reverse of that process prior to the 
Auger experiment. These coverages were 
calculated utilizing published sensitivities 
(26), and are based upon the peak intensity 
of the C, 0, and N KLL Auger lines, rela- 
tive to the Rh MNN Auger line at 302 eV. 
The absolute calibration was based on the 
oxygen KLL Auger peak of the 0.25 mono- 
layer ~(2 x 2) oxygen ordered overlayer. 
Several points should be made at this time 
concerning the results of this experiment. 
First, the surface contains a significant 
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amount of adsorbed nitrogen, and second 
the surface is not extensively oxidized un- 
der these reactions conditions. It has been 
concluded by previous workers (7, 8) that 
the surface coverage of nitrogen was negli- 
gible during the reduction of nitric oxide 
with carbon monoxide. These conclusions 
were based upon nitric oxide adsorption at 
room temperature, and a total pressure in 
the 1.3 x 10m5 Pa range, followed by heat- 
ing the sample in uucuo. The present Auger 
experiment involves NO/CO coadsorption 
at 688 K, in the 1.3 x 10m3 Pa range. 

The catalyst surface was further charac- 
terized with a series of thermal desorption 
experiments. A series of carbon monoxide 
thermal desorption spectra, as a function of 
i3C0 exposure, are shown in Fig. 4. The 
corresponding dependence of desorption 
peak area as a function of exposure is 
shown in Fig. 5. At exposures less than 1.0 
L, carbon monoxide desorbs in a first-order 
process with a peak maximum at 425 K. At 
higher exposures, on the order of 5.0 L, a 
low-temperature desorption peak is ob- 
served at about 373 K. The Rh(lOO) surface 
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FIG. 4. “CO thermal desorption spectra recorded 
with a heating rate p = 10.7 K/set after various “CO 
exposures at 300 K: (a) background; (b) 0.01 L; (c) 
0.02 L; (d) 0.05 L; (e) 0.10 L; (f) 0.22 L; (g) 0.50 L; (h) 
1.02 L; (i) 2.02 L; (j) 5.20 L; (k) 10.1 L. Curves have 
been shifted toward upward slightly for greater clarity. 
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FIG. 5. ‘TO desorption peak area-exposure rela- 
tionship illustrating saturation exposure at about 2.0 
L. 

reaches saturation coverage of CO at about 
2.0 L, as shown in Fig. 5. The high-temper- 
ature peak represents molecular adsorption 
at an atop site, while the low temperature 
shoulder indicates population of the surface 
by a bridge-bonded species. The heat of de- 
sorption for these two sites was calculated 
according to the procedure developed by 
Redhead (27). The difference of the heat of 
desorption between these two sites was cal- 
culated to be 3.2 kcal/mole, which is similar 
to a previous result (16). The calculated 
heat of desorption for the atop site is 25.5 
kcal/mole, which is somewhat lower than 
that reported by previous workers (26, 17, 
28). The reason for this discrepancy is not 
known. 

A series of thermal desorption experi- 
ments was performed to elucidate the ad- 
sorption-desorption characteristics of ni- 
tric oxide. The desorption peaks observed 
after a 0.1 I-L NO exposure of the catalyst 
surface are shown in Fig. 6. Desorption of 
nitric oxide is somewhat more complex 
than that of carbon monoxide; however, 
several features are readily apparent after a 
close examination of Fig. 6. A large amount 
of the adsorbed nitric oxide desorbs in a 
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FIG. 6. NO (m/z = 30), CO/N* (m/z = 28), N (m/z = 
14), and 0 (m/z = 16) desorption spectra recorded 
after a 0.11-L NO exposure at 3 15 K and with a heating 
rate of p = 11.5 Klsec. 

molecular NO peak at 392 K. Two peaks 
with mlz = 28 are observed, a large desorp- 
tion peak at 436 K and a broad peak be- 
tween 523 and 660 K. It is clear, after an 
examination of the atomic nitrogen peak at 
m/z = 14 and the atomic oxygen peak at m/z 
= 16, that the m/z = 28 peak at 436 K repre- 
sents CO desorption from the sample. This 
peak corresponds to the molecular desorp- 
tion of CO, as shown in Fig. 4, and corre- 
sponds to an exposure of less than 0.008 L 
of CO, as calibrated in Fig. 5. The broad ml 
z = 28 peak between 523 and 625 K clearly 
represents molecular nitrogen desorption, 
since both the mlz = 14 and mlz = 28 sig- 
nals exhibit maxima in this region. Molecu- 
lar nitrogen desorption peaks have been re- 
ported previously at 523 K for the Rh( 110) 
surface (17), and a broad peak between 480 
and 650 K for polycrystalline rhodium wire 
(7). The amount of molecular NO desorbing 
from the polycrystalline wire surface was 
quite small, whereas the amount of molecu- 
lar nitrogen desorbing from this wire sur- 
face was quite large (7). The situation with 
NO desorption from the Rh( 100) surface, as 
shown in Fig. 6, is the reverse of that re- 
ported for the polycrystalline wire surface. 

A series of NO desorption spectra at var- 
ious exposures is shown in Fig. 7, with the 
corresponding peak area dependence 
shown in Fig. 8. Nitric oxide desorbs in a 
first-order desorption peak with a peak 
maximum at 401 K, and reaches saturation 
at about 2.0 L. The corresponding heat of 
desorption, using as before the method de- 
veloped by Redhead (27), is 24.0 kcal/mole 
which compares favorably with the heat of 
desorption of NO from polycrystalline Rh 
wire of 25 kcal/mole (7). These results com- 
plement those reported earlier for nitric ox- 
ide adsorption on polycrystalline rhodium 
wire (7); stepped rhodium single-crystal 
surfaces, namely, the Rh(331) (8, 18) and 
Rh(755) (18); and the corrugated Rh(ll0) 
(17) surface. In addition, these results are 
in basic agreement with a recently pub- 
lished report on NO desorption from the 
Rh( 100) surface (29). The general results of 
the above authors, for NO adsorption on 
these rhodium surfaces, are dissociative ad- 
sorption at low exposures (i.e., < 1 .O L) and 
molecular adsorption at higher exposures 
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FIG. 7. NO thermal desorption spectra recorded 
with a heating rate p = 11.6 Kisec after various NO 
exposures at 315 K: (a) background; (b) 0.01 L; (c) 
0.02 L;(d) 0.104 L;(e) 0.21 L; (f) 0.51 L; (g) 0.99 L; (h) 
1.99 L; (i) 5.00 L; (j) 10.1 L; (k) 19.9 L; (1) 49.8 L. 
Curves have been shifted upward slightly for greater 
clarity. 
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FIG. 8. NO desorption and peak area-exposure rela- 
tionship illustrating saturation exposure of 2.0 L. 

(i.e., > 1 .O L). It is difficult to quantitatively 
separate molecular from dissociative ad- 
sorption since dissociation undoubtedly oc- 
curs during the flash heating. These results 
do indicate, however, that molecular NO 
desorption and surface NO dissociation are 
competing processes. Periodic trends de- 
scribed by Benziger (30), Broden et al. (31), 
and Miyazaki and Yasumori (32) place rho- 
dium on the dividing line between molecu- 
lar and dissociative NO adsorption. It is ex- 
pected, therefore, that surface geometry 
would have an effect on the ability of rho- 
dium surfaces to dissociate nitric oxide. 
Thus one would expect that the more ener- 
getic surfaces (i.e., stepped, kinked, corru- 
gated, and polycrystalline) would exhibit a 
greater tendency to dissociate NO than the 
smooth Rh(lOO) surface. This is indeed the 
case. 

A comparison of Figs. 3 and 6 clearly il- 
lustrates the competition between nitric ox- 
ide molecular adsorption-desorption and 
surface dissociation. As illustrated in Fig. 3 
a small molecular desorption peak occurs at 
about 400 K, but a large extent of dissocia- 
tion is indicated by the separate decline of 
the nitrogen and oxygen KLL Auger lines. 

In Fig. 6, however, most of the adsorbed 
nitric oxide seems to desorb in a molecular 
form. Evidently the slow stepwise heating 
procedure used for the experiment de- 
scribed in Fig. 3 favors the dissociation pro- 
cess, but the rapid temperature rise used 
during the thermal desorption procedure fa- 
vors molecular desorption. 

Several conclusions can be made at this 
point with respect to the reduction of NO 
with CO on the Rh(lOO) single-crystal sur- 
face. First, the carbon monoxide reactant is 
expected to interact with this surface in a 
purely molecular fashion, serving simply to 
reduce some surface oxygen species, pro- 
duced by the interaction of nitric oxide with 
the catalyst surface. This molecular CO in- 
teraction would be consistent with the TDS 
and Auger results. The interaction of NO 
with the catalyst surface under reaction 
conditions is not clear, at this point. It is 
apparent that both molecular and dissoci- 
ated nitric oxide should play a role in the 
NO/CO process. The relative amounts of 
these forms should depend upon the gas- 
phase composition and the interactions be- 
tween adsorbed species on the catalyst sur- 
face under reaction conditions. In addition 
the products formed, namely, NZ and CO2 
are expected to have little effect upon the 
reaction rate as measured in this study. Mo- 
lecular nitrogen, simply because it will not 
adsorb under reaction conditions of the ki- 
netic experiments, should have little effect 
on the rate of reaction. Thermal desorption 
results indicate that the sticking coefficient 
of carbon dioxide is five times smaller than 
that of carbon monoxide, in agreement with 
results of Castner et al. (16). This fact cou- 
pled with the low carbon dioxide partial 
pressure present under the reaction condi- 
tions of this study, as compared to the car- 
bon monoxide concentration, indicates that 
the CO* produced during the kinetic mea- 
surements will not inhibit the initial reac- 
tion rate. 

Kinetic Results 

The steady-state kinetics of NO reduc- 
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tion with CO was studied over a wide range 
of initial conditions. This wide variation is 
important in heterogeneous kinetics, be- 
cause reactant orders are necessarily fimc- 
tions of partial pressures. The reaction rate 
as a function of carbon monoxide partial 
pressure, at a constant nitric oxide partial 
pressure of 57.5 Pa and a constant reaction 
temperature of 688 K, is shown in Fig. 9. 
As expected, the carbon monoxide order is 
a function of carbon monoxide partial pres- 
sure. In particular, the carbon monoxide 
order is approximately first order in the par- 
tial pressure range from 1.3 to 5.0 Pa. Be- 
tween 5.0 and 54.0 Pa, the order with re- 
spect to carbon monoxide gradually 
decreases to zero, and finally between 54.0 
and 250 Pa the carbon monoxide order is 
inverse first order. This dependence on car- 
bon monoxide partial pressure is typical of 
Langmuir-Hinshelwood heterogeneous ki- 
netics. 

The reaction rate as a function of nitric 
oxide partial pressure, at constant carbon 
monoxide partial pressure of 44.0 Pa and 
constant reaction temperature of 688 K, is 
shown in Fig. 10. The nitric oxide order 

I I I I I 
0.50 1.75 3.00 4.25 5.50 

L” 35 
PO 

FIG. 9. Carbon monoxide order plot determined us- 
ing a constant nitric oxide pressure of 57.5 Pa at 688 K. 
Solid and dashed curves correspond to models culmi- 
nating in Eqs. (30) and (25). respectively, with parame- 
ters given in Table I. 

I I I I 
1.5 3.0 4.5 6.0 7 5 

Ln +J 

FIG. 10. Nitric oxide order plot determined using a 
constant carbon monoxide pressure of 44.0 Pa at 688 
K. Solid and dashed curves correspond to models cul- 
minating in Eqs. (30) and (25), respectively, with pa- 
rameters given in Table 1. 

plot illustrates a behavior very similar to 
that of the carbon monoxide order plot. In 
particular, the order with respect to nitric 
oxide is 1.5, in the partial pressure range 
between 1.5 and 20 Pa NO, gradually de- 
creasing to zero order, and finally decreas- 
ing to approximately inverse first order be- 
tween 400 and 1800 Pa NO. The nitric oxide 
order plot together with the carbon monox- 
ide order plot implies that the reduction of 
nitric oxide with carbon monoxide follows 
Langmuir-Hinshelwood kinetics. 

The dependence of the reaction rate on 
the partial pressure of each of the reaction 
products was determined; these data are 
shown in Fig. 11. The reaction order with 
respect to the partial pressure of nitrogen is 
zero, over the partial pressure range be- 
tween 1 and 200 Pa, as expected since mo- 
lecular nitrogen will not chemisorb on the 
catalyst surface under reaction conditions. 
In a similar fashion, the order with respect 
to carbon dioxide is also zero, over the par- 
tial pressure range I-200 Pa. This is also 
the expected result, since carbon dioxide 
would not be able to compete effectively for 
surface sites in the presence of carbon mon- 
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FIG. 11. Nitrogen and carbon dioxide order plots 
determined using a constant carbon monoxide pres- 
sure of 7.41 Pa and a constant nitric oxide pressure of 
57.5 Pa at 688 K. Slopes calculated by linear least- 
square fits of the rate data are given; within experi- 
mental error, they can be taken as zero. 

oxide and nitric oxide. These two order 
plots imply that under reaction conditions, 
the elementary reaction steps directly in- 
volved in the formation of reaction prod- 
ucts are essentially irreversible. 

The temperature dependence of the reac- 
tion rate is shown in Fig. 12, in the form of a 
standard Arrhenius plot. The temperature 
behavior of the reaction rate does not pro- 
duce a straight line on the Arrhenius plot, 
and this is not unusual for a heterogeneous 
catalytic reaction. The slope of the tangent 
to this curve, at any given temperature, is 
proportional to the apparent activation en- 
ergy of this process. In particular, the ap- 
parent activation energy at 688 K (i.e., the 
temperature used for the collection of the 
reactant/product order plots) is approxi- 
mately 3.2 kcal/mole. As temperature de- 
creases, the apparent activation energy in- 
creases at constant gas-phase composition. 
This effect is primarily due to the inability 
of nitric oxide to displace carbon monoxide 
at these lower temperatures. A similar ef- 
fect has been reported for the NO/CO reac- 
tion on polycrystalline rhodium wire (7). 

Mechanistic Considerations 

As a starting place for examining the pro- 
posed mechanism of the NO/CO process, it 
is useful to consider a recently proposed 
mechanism (8): 

CO(g) + * - CO(ads) (4) 

NO(g) + * ++ NO(ads) (5) 

NO(ads) + * + N(ads) + O(ads) (6) 

2N(ads) + N*(g) + 2* (7) 

CO(ads) + O(ads) --, C02(g) + 2* (8) 

This mechanism has been supported by 
AES, TDS, and HREELS results on the 
Rh(331) single-crystal surface (8). The rate 
law for this mechanism is given by Eq. (9) 
where [*] denotes the con$entration of va- 
cant active sites, and [NO] denotes the 
fractional coverage of adsorbed nitric oxide, 

Rate = dP(co2) = k 
dt 6 [Nb] [*I (9) 

1.0 = [*I + [CO] + $401 + [I?, 
+ 161 (10) 
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FIG. 12. Temperature dependence of reaction rate 
using a constant carbon monoxide pressure of 7.45 Pa 
and a constant nitric oxide pressure of 57.5 Pa. 
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Utilizing the site balance given in Eq. 
(IO), and applying the usual steady-state as- 
sumptions, the reaction rate equation in 
terms of the reactant partial pressures can 
be derived, and this is given in 

rate = w03 
dt 

+ K&e 
-P$ + 

K&6 PNO 
) 

2 
-__ 

2kl K&a Pco 

This mechanism is supported primarily by 
spectroscopic evidence at a total pressure 
in the 6.7 x 10e5 Pa range. There are cur- 
rently no steady-state kinetic data which 
support this mechanism. 

A close examination of Eq. (11) indicates 
that the order with respect to carbon mon- 
oxide depends upon the partial pressure of 
carbon monoxide, at constant partial pres- 
sure of NO. This equation predicts that the 
CO order should vary between 2.0 at low 
P(CO), and -2.0 at high P(C0). The nitric 
oxide order changes in a similar fashion be- 
tween 1.0 at low P(N0) and - 1 .O at high 
P(N0) at constant P(C0). A comparison 
between the limiting orders predicted by 
Eq. (11) and the limiting orders as observed 
in this kinetic study, shown in Figs. 9 and 
10, clearly demonstrates inconsistency. In 
particular, the 3/2 order with respect to ni- 
tric oxide, at low P(N0) and constant 
P(CO), suggests that the mechanism of the 
NO/CO process is more complex than the 
mechanism given in Eqs. (4)-(8). 

It is well known that for supported rho- 
dium catalysts, at lower temperature, the 
products of the NO/CO process include 
carbon dioxide, nitrous oxide, and nitrogen 
(9, 33, 34). Thus it would be reasonable to 
include a nitrous oxide intermediate in the 
NO/CO process, as given in 

CO(g) + * tf CO(ads) 

NO(g) + * t, NO(ads) 

(12) 

(13) 

2NO(ads) * 

N,O(ads) + O(ads) (14) 

N,O(ads) + CO(ads) + 

Nzk) + CO&) + 2* (15) 

O(ads) + NO(ads) + 

N02(ads) + * (16) 

N02(ads) + CO(ads) + 
CO&) + NO(g) + 2*. (17) 

Assuming a steady-state formalism, to- 
gether with the site balance given 

1.0 = [*] + [toI + [IGO] 

+ [N;O] + [N&l + [ci] (18) 

the rate equation can be easily derived as 
given in 

rate = 4CO2) 
dt 

FP;20p:; 
= (1.0 + APco + BPNo (19) 

The parameters given in this equation, 
namely, A, B, G, E, and F, represent col- 
lections of rate and equilibrium constants, 
as given by Eqs. 

A = K,2 (20) 

B = K,3 (21) 

G = ( 
K:3K,4k,6 “’ 

K,2k,s ) + (K’g,;$;k’a)l” (22) 

(23) 

F = (K,zK:jKwk,5k,,4 . 112 (24) 

The limiting orders predicted by Eq. (19) 
with respect to nitric oxide for the low and 
high partial pressure extremes are +$ and 
-j respectively. These limiting orders are 
consistent with the experimental order plot 
shown in Fig. 10, assuming, of course, that 
the high-pressure limit was not reached ex- 
perimentally. Similarly, the limiting orders 
with respect to carbon monoxide, predicted 
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by Eq. (19), namely, 8 to -$, are also con- rithm used to fit the experimental data has 
sistent with the experimental order plot been described in Haskell and Jones (35), 
shown in Fig. 9, assuming once again that and simply consists of a nonlinear least- 
the extremes were not reached experimen- squares analysis based upon grid minimiza- 
tally. The final test of the compatibility of tion. During the fitting procedure it was de- 
the rate equation and the experimental re- termined that the values of the terms in the 
action rate data would be a parametric fit of denominator containing the partial pressure 
the data to the rate equation. variables were large compared to 1.0. This 

The complexity of Eq. (19) requires the fact forces Eq. (19) to be rearranged, as 
fitting procedure to be accomplished via a shown in 
nonlinear least-squares analysis. The algo- 

rate = 4CO2) Pg)Pg) -= 
dt G P:‘o 

$j PC0 + & PNO + - - 
E 2' 

(25) 

F'/2 pII2 
co 

+ p PgPg$ 

with the loss of a degree of freedom. 
The best obtainable fit of Eq. (25), with 

chemically reasonable values (i.e., positive 
values) for the fitting parameters for the 
carbon monoxide and nitric oxide order 
plots, respectively, is shown as dashed 
curves in Figs. 9 and 10. The numerical val- 
ues of the fitting parameters used for the 
calculated curves are given in the left-hand 
column of Table 1. As shown in these fig- 
ures, the mechanism developed in Eqs. 
(12)-(17) quite adequately models the ex- 
perimental data over the entire range of ini- 
tial conditions, except in the limit of high 
nitric oxide partial pressure. In general, 
however, the model is quite satisfactory in 
the sense that it fits the experimental data. 

The physical significances of the parame- 
ter values and of Eq. (25) can be partially 
but not completely developed from avail- 
able information. The fact that the terms in 
the denominator are large compared to 1.0 
indicates that the number of vacant active 
sites is quite small under reaction condi- 
tions. The remaining terms in the denomi- 
nator are each proportional to the concen- 
tration of a reaction intermediate, as given 
in Eqs. (26)-(29). 

rdo1 - = APco 
[*I (26) 

&I 
[*I 

= BPNo (27) 

[Nhl + &I = G P% 
[*I [*I Pg (28) 

kl 
[*3 = EP&‘& (29) 

From the values given in the left-hand 
column of Table 1, it is clear that the sur- 
face is covered primarily by adsorbed mo- 
lecular carbon monoxide and nitric oxide. 
Due to the large number of steps in the re- 
action mechanism (i.e., six steps which 
yields six constants, three equilibrium con- 
stants, and three rate constants), it is im- 
possible to solve explicitly for any of the 
thermodynamic or kinetic constants in the 

TABLE 1 

Values of the Constants Used to Fit the 
Experimental Order Plots to the Derived 

Steady-State Rate Laws 

COnStaltt Values determined (SOCKS molecule-‘” cm) 

For best fit to Eq. (25) For best fit to Eq. (30) 

A/F’” 5.78 x I@' 5.78 x 10-g 
B/F 'I2 4.62 x 10m9 4.63 x IO-9 
G/F 'a 4.26 x IO-'O 3.57 x 10-10 
E/F In 0.0 0.0 
H/F"z (Pa-‘) - 1.08 x IO-'2 
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proposed mechanism, given only the values reaction rate decreases in this region faster 
of the fitting parameters. than the theory predicts. Thus a higher or- 

As mentioned previously, the mechanis- der P(N0) term would be necessary in the 
tic model described in Eqs. (12)-(17) does denominator of Eq. (25) for the theory to 
not adequately fit the dependence of the re- fully model the experimental data. Such an 
action rate at high nitric oxide partial pres- equation is given by 
sures. From an empirical point of view the 

rate (COZ) = 
Pg)P$) 

+ PC0 + $ ho + 
H 2’ 

(30) 
+-P& F 112 

where the (H/F’“)Pf& term has been 
added in the denominator. Such a term 
would arise as the result of the addition of 

NO(ads) += (NO)2(ads) + * (31) 

to the reaction mechanism given in Eqs. 
(12)-(17), with Has shown in Eq. (32). 

H = &d& (32) 

! 1 
:N t--f N-N 

\\/ \/ 
(33) 

‘Rh Rh 

This intermediate might have the form de- 
scribed in Eq. (33). This surface structure 
has been supported previously by Ibach 
and Lehwald (36) using HREELS, although 
these results are subject to controversy 
(37). The best obtainable fit of the experi- 
mental data to Eq. (30) is shown as solid 
curves in Figs. 9 and 10, and the values of 
the fitting parameters are shown in Table 1. 
As shown in Fig. 9, the fits of the carbon 
monoxide order plot according to Eqs. (25) 
and (30) are essentially identical, however, 
the fit of Eq. (30) to the nitric oxide order 
plot indicates significant improvement in 
the high NO partial pressure region. This 
was expected since Eq. (30) was designed 
to have this effect. The existence of the in- 
termediate given in Eq. (33) is debatable. 
Alternately, the breakdown of the kinetic 
model, given in Eqs. (12)-(17), at high ni- 
tric oxide partial pressures might be the 
result of adsorbate-adsorbate interactions. 

This mechanism is also consistent with 
the surface characterization results. In par- 
ticular, the thermal desorption analysis of 
carbon monoxide implies that under reac- 
tion conditions, a molecular adsorption-de- 
sorption equilibrium prevails. This is in- 
deed the case in the proposed mechanism 
according to Eq. (12). In addition, Auger 
experiments described previously sug- 
gested that the catalyst surface was not ex- 
tensively oxidized under reaction condi- 
tions. The concentration of adsorbed 
oxygen as a function of the reactant partial 
pressures is given in Eq. (29). Since the 
value for the parameter E determined dur- 
ing the fitting procedure was essentially 
zero, then the concentration of adsorbed 
oxygen as predicted by the kinetic model is 
also zero, in agreement with the Auger 
results. These results are in disagreement 
with earlier results which indicate that ad- 
sorbed oxygen plays an important role in 
the NO/CO process (6, 10). This is primar- 
ily due to the fact that the earlier studies 
were performed at a total pressure of ap- 
proximately 6.7~ 10m5 Pa. The flux of reac- 
tant molecules to the surface at this pres- 
sure is low enough that the fraction of 
vacant active sites is relatively high. This 
permits the dissociation of nitric oxide to 
occur according to 

NO(ads) + * + N(ads) + O(ads). (34) 

Under the reaction conditions of this study, 
however, the reactant partial pressures are 
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relatively high (i.e., 13 Pa) and the fraction 
of vacant active sites is quite low. This 
would clearly inhibit the dissociation of ni- 
tric oxide. Thus it is not surprising that the 
kinetic data collected in this investigation 
cannot be described by the mechanism pro- 
posed earlier for the low-pressure studies. 

This model implies the irreversibility of 
reaction steps given in Eqs. (15), (16), and 
(17). The irreversibility of Eqs. (15) and (17) 
is supported directly by the experimental 
product order plots, shown in Fig. 11. 
These order plots illustrate a zeroth or- 
der dependence of the reaction rate with 
respect to each product, and therefore 
steps (15) and (17) must be irreversible. The 

ii 
CO (ads) 

dh 

;I 
NOtads) 

"; Or 
Rh 

Jo 

'; Or RhyN\Rh 
Rh 

O(ads) 1 or /O\ 
Rh Rh Rh 

N20(ads) ii 
N 

I 
dh 

NO,(ads) 
O\,//O or 

I 
Rh 

irreversibility of step (16) lacks any direct 
experimental evidence. However, if Eq. 
(16) is established as an equilibrium pro- 
cess, the resulting rate law does not model 
the experimental data in an acceptable 
manner. 

Throughout this discussion, an asterisk 
has been used to denote a catalytic active 
site. While the exact nature of this site can- 
not be determined from the experimental 
evidence presented here, it is useful to ex- 
amine possible structures of the reaction in- 
termediates. Assuming an active site to be a 
single rhodium atom, then reasonable 
structures can be postulated for each of the 
reaction intermediates, as given in 

ij 
”  

Rh ' 'Rh 

ii ii A 
. . . 0 ‘; “; “; \Rh/o\Rh/o\Rh/o . . . 

(35) 

(36) 

(37) 

(38) 

(39) 

As shown in Eq. (35), carbon monoxide can authors reported evidence using HREELS 
adsorb in two possible sites, namely, the for both the bent and linear nitrosyls with 
linear atop site and the bridge-bonded site. the predominant species being the bent con- 
These two sites correlate well with the TDS figuration; these are shown in Eq. (36). Sev- 
results discussed in the previous section, eral other geometries of nitric oxide bond- 
and with LEED/Auger, HREELS, and IR ing to transition metal surfaces have been 
results widely reported in the literature (IO, reported previously, including a bridge- 
16, 17, 20, 24, 28). The adsorption of nitric bonded species and the formation of sur- 
oxide on the Rh(331) surface has been re- face NO- and NO+ species (9, 10, 12, 36, 
cently studied by Dubois et al. (8). These 37). In the work discussed above, Dubois et 
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al. (8) commented that HREELS results for 
the Rh(ll1) surface suggested the forma- 
tion of at least five different adsorbed nitric 
oxide species. Oxygen adsorption on rho- 
dium surfaces has been studied by numer- 
ous authors (16, 28, 25, 28), and the bond- 
ing geometries shown in Eq. (37) have been 
proposed. Reasonable structures for the ni- 
trous oxide and nitrogen dioxide species 
are shown in Eqs. (38) and (39). It is note- 
worthy that the formation of adsorbed ni- 
trous oxide and nitrogen dioxide species 
has been observed via IR after the interac- 
tion of carbon monoxide and nitric oxide on 
Rh/A1203 (10). Thus it seems quite reason- 
able to include these intermediates in the 
reduction of nitric oxide with carbon mon- 
oxide on the Rh(lOO) surface. 

The mechanism presented in Eqs. (12)- 
(17) is consistent with both the steady-state 
kinetic and surface characterization results. 
This kinetic model is relatively simple; 
however, it is probably not unique. The fact 
that the derived rate law is consistent with 
the experimental data provides only a nec- 
essary, but not sufficient, condition that 
this model is the correct mechanism. The 
mechanism proposed in Eqs. (12)-( 17) is in- 
deed remarkable, in that it fits experimental 
results collected over a three-orders-of- 
magnitude change in the reactant partial 
pressures. 
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