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We have studied, for the first time, the reaction of CO with N20 over a Rh(111) catalyst at 
pressures between 1 and 20 Tort in an apparatus that couples a moderate pressure reactor with an 
ultrahigh vacuum analysis chamber. Using 4 Torr of CO and 4 Torr of N20 between 570 and 670 
K, we measured an apparent activation energy (Ea) of 40.0 kcal/mol. By varying the reactant 
pressures (T = 623 K), we determined that the reaction orders are + 1.1 in N20 pressure and - 1.2 
in CO pressure. Both Ea and the reaction order are in good agreement with previously reported 
measurements over alumina supported Rh particles. Kinetic modeling of the data suggests that CO 
and N20 compete for a limited number of vacant sites on a surface where Oco -> 0.9 ML. Under 
these conditions, the rate limiting step is N20 dissociation. We estimate, based on the model, that 
the barrier for N,O dissociation r~-N2o~ is 17.5 kcal/mol. The model also predicts that the N,O . ',,t-, diss ! 

sticking coefficient ( SN2 o) must be greater than 0.005. Our measurements show that there is excellent 
agreement between Rh(l 11) and supported Rh reaction kinetics with regards to both E, and the 
CO pressure dependence. These experimental results add still another reaction to the growing 
list of cases where single crystals are excellent models for more practical supported catalysts. Fur- 
ther, our modeling of these results allows us to estimate two previously unknown quantities, 

N20 S N2 o and Edi s s  . © 1992 Academic  Press,  Inc. 

I. INTRODUCTION 

Rh is included in current automotive cata- 
lytic converters in large part because of its 
superior activity for the reduction of nitro- 
gen oxides to nitrogen (1, 2). 

In fact, the automotive industry is by far 
the largest consumer of Rh metal, the de- 
mand for which continues to increase as 
more stringent emission control standards 
are implemented worldwide. As a part of 
our effort to take maximum advantage of 
Rh's unique activity as an automotive ex- 
haust catalyst, we have studied the kinetics 
for the CO + N20 reaction over a Rh(l l l )  
single crystal at partial pressures compara- 
ble to those present in automotive exhaust 
systems. N20 can form over Rh catalysts as 
a result of the partial reduction of NO by 
CO (3-10) or hydrocarbons. NzO emissions 
are undesirable for two reasons: N20 emis- 
sions are regulated under current NOx emis- 
sion standards which will soon be even 
lower and N20 is an important "greenhouse 
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gas." Both of these facts point out how im- 
portant it is that N20 formation in the cata- 
lytic converter be avoided. It has been pro- 
posed (3, 4) that N20 formed by the reaction 
of CO and NO can be subsequently removed 
by further reaction with CO: 

CO + N20--*N 2 + CO 2. 

When this reaction is run over a single-crys- 
tal model catalyst, we obtain the specific 
rate and product distributions with a high 
degree of certainty. By coupling these mea- 
surements with the wealth of single-crystal 
data that exists for the elementary reaction 
steps, we can obtain a more detailed under- 
standing of the reaction kinetics than is pos- 
sible for conventional supported catalyst. 
In cases where the reactivity of the single 
crystal is the same as that of conventional 
catalysts (11-13), we gain new insight into 
the workings of practical catalysts. 

For Rh/A1203 catalysts of the type which 
are important for automotive applications, 
N20 is the major product of the CO + NO 

7O 
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reaction at low temperatures and conver- 
sion; but, only N2 is observed at very high 
temperatures and 100% conversion (3, 4, 6). 
One explanation of the observed selectivity 
is that N20 is reduced at the higher tempera- 
tures and conversions by reaction with CO 
(3, 4). Recently we reexamined the CO + 
NO reaction over Rh(l l l )  and found that 
N20 is a major reaction product (14) for the 
single-crystal catalyst, just as for supported 
Rh. This observation led to the present 
study of the CO + N20 reaction. To our 
knowledge, the CO + N20 reaction has not 
been studied over Rh single crystals and 
thus warrants attention. Interestingly, we 
observe essentially the same reaction kinet- 
ics and reaction orders as were reported by 
McCabe and Wong (4) for alumina-sup- 
ported Rh. Our data are-fit: very well with 
a kinetic model based on the mechanism 
proposed by McCabe and Wong (4). This 
modeling suggests that the dissociation of 
adsorbed N20 is the rate-limiting step (RLS) 
of the reaction which is occurring on a sur- 
face which has a very high (->0.9 ML) CO 
coverage. 

2. EXPERIMENTAL ASPECTS 

2.1. Apparatus and Procedures 

The experiments were performed in a 
custom-built system which couples an ultra- 
high vacuum (UHV) analysis chamber 
with a moderate-pressure (-<100 Torr) re- 
actor. The reactor and analysis chambers 
are separated with a gate-valve. The UHV 
analysis chamber is equipped with a wide 
array of analytical techniques. For this 
study we used low-energy electron diffrac- 
tion (LEED), X-ray photoelectron spectros- 
copy (XPS), and temperature-programmed 
desorption (TPD). 

The Rh(111) crystal was prepared for this 
study as follows: the rough-cut crystal was 
first placed into a tube furnace where it was 
annealed at 1275 K in a 36-sccm flow of 
99.999% H 2 for 4 days. For several years 
we have found this procedure to be very 
effective at removing boron and other light 
element contaminants from the crystal (15). 

Next, both sides of the Rh(111) single crys- 
tal were oriented to the (111) face within 1 °, 
as shown by the Laue diffraction pattern. 
The sample was then sanded and polished 
with diamond paste with the final polish be- 
ing 0.25/x grit. Next, the sample was etched 
in hot (<375 K) 3 : 1 HCI: HNO 3. The sam- 
ple was then mounted on the transfer device 
using etched 0.015" Ta wires which were 
spot-welded to the edges of the crystal, 
Welding to the edges did not damage the 
polished faces and covered much of the non- 
(I l l )  Rh on the crystal sides. The Rh( l l l )  
crystal was rectangular with an area of 52.3 
mm 2 per side. The crystal was about 0.9 mm 
thick. A 0.003" chromel-alumel thermo- 
couple was spot-welded in the center of an 
edge of the crystal which did not contain a 
Ta heating lead. 

A sharp (1 x 1) LEED pattern was ob- 
tained by Ar + sputtering (2 KeV, 20 txA) for 
24 hr per side with the crystal at 875 K, 
followed by annealing in UHV at 1175 K 
for 2 hr. This extensive sputtering treatment 
was necessary to obtain a sharp LEED pat- 
tern. Next, the crystal was placed in the 
reactor and treated in 8 Torr CO/8 Torr 02 
at 525 K. This treatment was required to 
remove residual carbon from the near sur- 
face region of the sample. Surface cleanli- 
ness and order was checked with XPS and 
LEED, respectively. 

After cleaning, the sample was drawn into 
the reactor and the gate valve to the UHV 
system closed. The reactor was of relatively 
small volume (652 ml) and was pumped with 
a turbo-molecular pump. Typical base pres- 
sures in the reactor were about 10 .9 Torr 
before introduction of the reactants. For all 
of the rate measurements reported here, CO 
and N20 were mixed in the reactor at low 
pressures. The N20 (Matheson 99.0%) was 
trapped at 225 K using a liquid nitrogen and 
ethylene glycol slurry. The CO (Scott 
99.99% in an AI cylinder) was trapped with 
a liquid-nitrogen bath which excluded any 
metal carbonyls from the reactor. The pres- 
sure in the reactor was measured using a 
baratron gauge. 
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Reactions were done in a batch mode and 
the products and reactants were measured 

1 rt  with a GC using a 6' x g stainless steel 
HAYESEP N column operated at 323 K 
with a He carrier gas. Column effluents were 
monitored using both a flame ionization de- 
tector (FID) and a thermal conductivity de- 
tector (TCD) which were in series. Gases 
passed first through the TCD, then through 
a methanizer with a Ni catalyst, and then to 
the FID. Using this arrangement we were 
able to detect NO (TCD), CO (TCD and 
FID), N20 (TCD), and CO2 (TCD and FID). 
N2 was detectable with the TCD; however, 
our column did not separate Nz from CO, 
making quantification of the amount of N 2 
unreliable. However, by comparison of the 
TCD (CO + N 2) and FID (CO only) signals 
we could qualitatively observe N2 as a prod- 
uct. The experimental procedure for making 
a rate measurement was as follows: (1) the 
reactants were leaked into the reactor, (2) 
the sample was ramped to the reaction tem- 
perature (570 K -< T -< 670 K) at 10 K/sec, 
(3) the timer was started when the sample 
was within 5 ° of the reaction temperature, 
(4) the temperature was held (-+2 °) for a 
specified time interval, (5) the sample was 
cooled to room temperature, and (6) after 5 
rain the gases in the reactor were expanded 
into an evacuated GC line. GC data were 
stored on our laboratory computer for 
analysis. 

2.2 Sources of Errors 

There are several sources of error which 
must be carefully avoided when performing 
batch reactions. One potential problem is 
poor mixing and/or diffusion within the reac- 
tor. We performed several experiments that 
assured us that the reactant gases were 
properly mixed and that the reaction was 
not diffusion-limited. For these experiments 
we used He as a diluent to vary the total 
pressure in the reactor while keeping the 
partial pressures of the reactants constant. 
In this case, the premixed reactants were 
leaked into the reactor, He was added to 
increase the total pressure, and the reaction 

was run for a fixed amount of time. Above 
500 Torr total pressure, we found that GC 
signals for the products tended to change 
with time elapsed after the reaction, sug- 
gesting that the gases in the reactor were 
diffusion-limited. We avoided this condition 
by operating the reactor below 40 Torr at all 
times. 

Another source for systematic error in the 
rate measurements is an inaccurate reading 
of the sample temperature during the reac- 
tion. Accuracy of the thermocouple mea- 
surement was checked in two ways. First, 
we immersed the sample in controlled tem- 
perature baths in the range of 273 to 373 K 
finding less than 1 K error in the thermocou- 
ple reading over this temperature range. For 
higher temperatures we attached a second 
thermocouple to the sample and compared 
its reading with that of the thermocouple 
used for these experiments. The sample was 
then heated by two methods, resistively (as 
during the rate measurements) and with a 
heat gun (to eliminate any potential ohmic 
drop across the sample). We found that 
these two thermocouple readings agreed 
within 2 K between 375 and 475 K. Based 
on these experiments we concluded that we 
were very accurately measuring the sample 
temperature during the course of these ex- 
periments. 

A third potential source of error is reac- 
tive surfaces other than the Rh single crystal 
in the system. Our primary concern was that 
the Ta leads or the chromel-alumel thermo- 
couple were catalytically active. To check 
this possibility we mounted a single Ta wire 
with a thermocouple attached to it in the 
system. The Ta wire was found to be catalyt- 
ically inactive below 675 K; therefore, we 
can attribute all of the observed catalytic 
activity to the Rh(11 l) single crystal. 

Another potential source of error in the 
rate measurements is product that is formed 
during the heating to and cooling from the 
reaction temperature. For reactions with 
relatively large activation energies the 
amount of product formed at lower tempera- 
tures is relatively small. Therefore, this ef- 
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fect leads to a relatively small uncertainty 
in the measured  rate. 

3. RESULTS 

3.1. Experiment 

When CO and N20 were  reacted over  
R h ( l l l )  only CO2 and N 2 were  observed  as 
products ,  in agreement  with previous re- 
sults (4). Figure 1 shows the CO2 turnover  
number  (TON) plotted versus  1/T for the 
react ion of 4 Torr  CO and 4 Tor r  N20 be- 
tween 570 and 670 K. The dashed line shows 
a fit of  the data with the model  discussed 
below. Linear  regression analysis o f  the 
data in Fig. 1 gives an apparent  activation 
energy (Ea) for the react ion of  40.0 kcal/mol 
with an uncertainty of  + 2.6 and - 3.1 kcal/ 
mol. The uncertainty in Ea was est imated by 
determining a max imum and minimum slope 
(as defined by the error  bars  on the data 
points) for a line through the data in Fig. 1. 
The preexponent ia l  factor  (u) is es t imated 
to b e 7  x 1013 CO2 site i s e c - l .  

Figure 2 shows the CO2 T O N  versus pres- 
sure of  a given reactant  with the second 
reactant  held constant  at 4 Torr .  The reac- 
tion tempera ture  was 623 K. A linear re- 
gresson analysis of  the two data sets gives 
reaction orders of  - 1.18 in CO pressure  and 
+ 1.14 order  in N20 pressure  the uncer- 
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FIG. 1. Rate for the CO + N20 reaction measured 
using pCO = py2o = 4 Torr (circles) and the rate pre- 
dicted from the model (dashed line). 
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FIG. 2. Rate for the CO + N20 reaction vs pressure 
of the individual reactants. The squares are for a fixed 
PN2° = 4 Torr with a varying pco. The circles are for 
fixed pCO = 4 Torr with varying PN2°. The reactions 
were run at 623 K. 

tainty in both these results is +-0.15. The 
dashed lines are the model  predict ions 
which have reaction orders of  - 1.0 in CO 
and + 1.0 in N20. 

3.2. Model 

In order to model the kinetic data  shown 
in Figs. 1 and 2 we require: (1) a mechan i sm 
consisting of  e lementary  react ion steps,  (2) 
rate expressions for each react ion step, (3) 
rate constants  for each step, and (4) a set of  
s teady-state conservat ion equations for the 
surface species. With these four i tems in 
hand, we can calculate the overall  react ion 
rate f rom the steady rate surface concentra-  
tions. 

3.2.1. CO + N20 mechanism. The kinetic 
data of  Figs. 1 and 2 are modeled using a 
mechanism which consists of  the elemen- 
tary steps 

COg + S ~ CO. (1) 

N2Og + S ~ N2Oa (2) 

N20 a ~  N2g + O a (3) 

C O  a -~ Oa- - - -+  C O 2 g  -t- 2S, (4) 

where the subscript  " a "  refers to adsorbed 



74 BELTON AND SCHMIEG 

and " g "  refers to gas phase. This is the same 
mechanism proposed by McCabe and Wong 
(4) for the reaction of CO and N20 over 
supported Rh particles and is based on the 
widely accepted assumption that CO is oxi- 
dized via a surface reaction between COa 
and Oa (3, 4, 6-8, 11, 12). Surface O atoms 
are generated in step (3), when N20 a dissoci- 
ates to gives O a and N2g.  O a and N2g a r e  the 
dissociation products that were observed 
for N20 adsorbed on Rh(11 l) (16), Cu(11 l) 
(17), and Ni(110) (18). None of these groups 
reported the deposition of significant 
amounts of N~ from N20 decomposition; 
therefore, N a is not included in the mecha- 
nism. COzg is formed by reaction of Oa and 
COa in step (4). This reaction step has been 
successfully employed many times to ex- 
plain CO oxidation by a variety of oxidants 
(3, 4, 7, 8, 11, 12). Step (4) has CO 2 forming 
on and desorbing from the surface in a single 
irreversible step based on the assumption 
that under these reaction conditions CO2 de- 
sorption is much faster than CO2 dissocia- 
tion or formation. 

3.2.2. Rate expressions. Once we propose 
a mechanism, our next requirement is a rate 
expression for each of the steps. We choose 
to use rate expressions which have been 
previously proposed to model the CO + 
N20 (4) and CO + 02 (11) reactions. 

The rates for adsorption of CO (rads)CO 

and N20 tr N2°) ~. ads can be derived readily from 
the kinetic theory of gases (19, 20). For CO 
adsorption we obtain 

c o  rad s = Fco o- Sco®v, 

where ®v (0 --< ®v < 1) is the fraction of 
sites which are vacant, Fco is the flux of COg 
at the surface, tr is the area per mole of 
Rh(111) surface atoms (3.75 × 108 cm2), and 
Sco is the CO sticking coefficient. A similar 
expression describes the N20 adsorption 
rate (r N2°a ads y- 

As for CO desorption, we assume that the 
co desorption rate (r~e,) is first order in CO 

coverage (®co) and has an activation energy 
co (Edes) which is coverage dependent. Under 

these assumptions 

co v exp[ -  (Ed c° - acoOco)/RT]Oco, rde s = 

where v is a coverage-independent preexpo- 
nential factor and aco accounts for the de- 
pendence of Ed c° on ®co. Although this is 
certainly an over-simplification of CO de- 
sorption kinetics, this same expression was 
successfully used to model CO oxidation by 
oxygen (11) under conditions where CO is 
desorbing from a surface with a high CO 
coverage. 

For N20 desorption we use a first order 
rate expression and a coverage-independent 
activation energy. We neglect the small cov- 
erage dependence of Ea (0.5 kcal/mol) that 
Avery (21) used to describe N20 desorption 
from Pt(111), because our calculations show 
that at steady state ON2 o is less than 10 . 7  

ML. 
For the dissociation of absorbed N20, we 

assume the rate expression is of the form 

r N20 v exp[-  Ea/RT]ON, O. diss = 

Our assumption here is that a vacant site 
is not required in order for N20 dissociation. 
In other words, the O atom is left in the 
same site that the N20 a molecule occupied. 

The rate expression for the step that forms 
CO 2 is assumed to be of the form 

rco 2 = v exp[ -  Ea/RT]OoOco . (5) 

3.2.3 Rate constants. After we establish 
the rate expression for each reaction step, 
we must choose a value for each of the rate 
parameters. Table 1 shows the values which 
were used in the model. Whenever possible, 
we have used values obtained by indepen- 
dent rate measurements for that particular 
elementary step. Unfortunately, little or no 
data exist for the adsorption, desorption, 
and decomposition of N20 on Rh(111). For 
N20 desorption, we used the parameters de- 
termined by Avery for desorption from 
Pt(l 11) (21). As for N20 sticking, we have 
set Sr%o to 0.5, roughly the value Daniel et 
al. (16) measured for dissociative sticking 
of N20 on Rh(100). The rate parameters for 
N20 dissociation were treated as adjustable 
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T A B L E  1 

Kinetic Parameters for the CO + N20 Reaction 

75 

Reaction Rate equat ion Parameter  Value 

1. COg + S ~ CO a Fco o" Sco 0 V Sco 0.5 a 
2. COa ----~ C O g + S  [ - ( E  - aO).] v 1.0 x l013 s -Ib 

v exp [ -R--~ JOco EaCe ° 30.0 kcal/mol b 
aco 2.0 kcal/mol b 

3. N2Og + S ~ N20 a FN~oO'SN20 O v SN20 0.5 c 
4"N2Oa--"~N2Og + S I - E l  v 1.0 × 1013s - ' a  

v e x p [  J ~  ON2 o ENe2s ° 5.6 kcal/mol d 
5. N20 a ~ N2g + O a [ - E l  v 6.5 x 1013 s - 'e  

v exp [ " ~ j  [~)N20 t~dissl~N20 17.5 kcal/mol e 
6. COa + Oa----> C02g + 2S I - E l  v 1.O x lOI2s -If  

v exp [  ] ~  OcoO o co Efor~ 14.3 g 

Same as literature values  (4, 11, 22). 
b F rom fits of  our  CO TPD data f rom R h ( l l l ) .  
c Same as literature values  (4, 16). 
a Literature values  for desorpt ion f rom Pt(1 ! 1) (21). 
e Adjusted to fit the exper imenta l  data. 
f Selected as a generic  preexponent ia l  factor (11). 
g Literature value (11, 24). 

parameters, because we were unable to find 
measurements of the N20 dissociation rate 
on Rh surfaces. 

CO adsorption and desorption rates have 
been measured extensively on Rh(l l l ) .  It 
is well established that initial CO sticking 
coefficient is quite high (22). Following Oh 
et al. (11) and McCabe and Wong (4), we 
choose Sco as 0.5. For CO desorption, we 
use values that were obtained by fitting tem- 
perature-programmed desorption data from 
our Rh(l l l )  crystal. CO desorbs from Rh 
in at least two overlapping peaks (22, 23); 
however, our model has only a single rate 
expression (or peak) for CO desorption. The 
parameters shown in Table I give a very 
good fit to the high-temperature CO desorp- 
tion peak which fills first on Rh(111). In es- 
sence, we are assuming that CO desorption 
from the low-temperature TPD peak is not 
important under our reaction conditions. 
The CO desorption parameters in Table 1 
give desorption rates at 625 K that are about 
30 x slower than the values used previously 
by Oh et al. (11) to model CO + 02 and 
those of McCabe and Wong (4) to model 
CO + N20. We chose to re-evaluate the 

CO desorption parameters upon finding that 
those used previously (4, 11) could not ade- 
quately describe the data that we obtained, 
especially that of Fig. 2. This point is dis- 
cussed further in Section 4.2. 

For the CO2 formation step, we use the 
same rate constants as employed by Oh et al. 
(11). Following Oh et al., we use the same 
barrier, Ea = 14.3 kcal/mol, as was measured 
by Campbell et al. (24) for CO + O over poly- 
crystalline Rh; however, we use a preexpo- 
nential, 1012 sec -1, more indicative of a sec- 
ond-order surface reaction. We note that the 
overall reaction rate is quite insensitive to 
this rate constant, because N20 dissociation 
is the RLS (see Section 4.4). 

3.2.4. Steady-state equations. Our mech- 
anism includes three adsorbates, COa, Oa, 
and N20 a. The steady-sate conservation 
equations for these species are 

co co ,cos = 0, (6) 
/'ads --  ?'des --  "for~ 

N O .N20 .N20 0 ,  (7)  
ra~s --  "des -- "diss = 

rN,O _ ,CO 2 = 0 .  (8)  digs "form 

The calculate the overall reaction rate we 
specify the reaction conditions (PN2°, pCO, 
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T), solve Eqs. (6)-(8) for the steady-state 
adsorbate coverages, and then calculate the 
TON from Eq. (5). 

4. DISCUSSION 

4.1. Comparison to Supported Rh 

The reason that we studied the CO + N20 
reaction over a Rh(111) catalyst is to gain a 
better understanding of this reaction over 
conventional supported catalysts. In order 
to establish this connection, we must com- 
pare the Rh(111) kinetics to those observed 
for supported Rh. McCabe and Wong have 
previously studied the CO + N20 reaction 
over alumina-supported Rh (4). We chose 
our reaction temperatures and pressures to 
make for easy comparison to their experi- 
ments. McCabe and Wong do not report 
TONs for their supported catalyst, but by 
most other measures the kinetics for 
Rh( l l l )  are, within experimental error, 
identical to those for supported Rh. For in- 
stance, McCabe and Wong (4) reported that 
Ea for the reaction is 40.5 kcal/mol; we mea- 
sure 40.0 kcal/mol (Fig. 1). They reported 
reaction orders in CO pressure of -1.1 at 
564 K and -0.86 at 583 K. The model which 
fits our data at 625 K (Fig. 2) has a reaction 
order of - ! .0. The only area of significant 
difference between Rh(111) and supported 
Rh appears to be in the N20 pressure depen- 
dence. Whereas McCabe and Wong (4) re- 
ported a reaction order (pN20) of + 0.65, we 
measure + 1.1. They speculated that the 
fractional order reflected a complicated pre- 
cursor adsorption kinetics as opposed to 
simple single site adsorption. The data that 
we obtain is somewhat easier to rationalize 
for a CO oxidation reaction on a surface 
with a very high CO coverage (4, 11, 12). 
Overall, we conclude that Rh(l I 1) is a good 
model for a supported Rh particle with re- 
gards to the CO + N20 reaction. 

4.2. Kinetic Modeling 

All of the experimental data that we ob- 
tained were quite adequately modeled using 
the mechanism described in Section 3.2. To 
reiterate, we relied heavily on experimen- 
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FIG. 3. Rates calculated from the model using differ- 
co ent rate constants,  kdes, for the CO desorption step. 

Calculations are for varying p c o  with P Y2 ° = 4 Torr 
and T = 623 K. Experimental  data were modeled (see 
Fig. 2) with kjCe ° = 1.7 × 103 (solid line). 

tally determined rate constants; however, 
we fit the data by adjusting z.N,O In our ~digs • 
model both CO and N20 have equal proba- 
bilities of sticking on an open site. Although 
this is almost certainly incorrect, it does pro- 
vide for a good framework within which we 
can examine the remaining rate constants in 
the system. Below we discuss the possible 
values of Sy2o in more detail. 

The overall reaction rate is controlled by 
three rate constants, kdes,CO '~dissl"N20, and k~e2 °. 

co The first one, kdes, sets the CO desorption 
rate which controls the number of open sites 
available for reaction. CO desorption con- 
trols the reaction rate because Oa and N2Oa 
are removed from the surface very rapidly 
through reaction (step 4) and desorption (re- 
verse of step 2), respectively. For instance, 
when P co = p N2o = 4 Torr and T = 625 K, 
then @co ~ 0.995 ML and Ov ~ 0.005 
M L  (~)N20 ~ ~)O ~ 10-7 ML). In situations 
where CO, which is strongly adsorbed, com- 
petes with a weakly adsorbed oxidant (N20) 
for the limited number of vacant sites, the re- 
action is typically negative first order in the 
CO and positive first order in the oxidant 
( N 2 0 ) .  

Interestingly, our model predicts that the 
CO reaction order is very sensitive to the 
CO desorption rate. Figure 3 shows the pre- 



KINETICS OF CO OXIDATION BY N20 OVER Rh(111) 77 

dicted TON versus pCO for different values 
of ka c° at 625 K. The reaction rates are nor- 
malized at pCO = 0.6 Torr in order to isolate 
the effect of kd c° on the reaction order. In 
Fig. 3 the solid line has negative first-order 
kinetics and is obtained from the parameters 
in Table 1 which gave a good fit to our exper- 
imental data. We find that the experimen- 
tally observed negative first-order kinetics 
are predicted only when kd CO = 2 × 103 sec- i 
or less. For higher desorption rates ®co 
drops below about 0.9 ML (pCO = 0.6 Torr, 
T = 625 K) and the model predicts a frac- 
tional-order pCO dependence. It is interest- 
ing to note that the value for kd c° (~ 2 × 103 
s- ') required to explain our CO + N20 reac- 
tion kinetics is very close to that (kd c° -- 
1.7 × 103 s-l) which describes CO desorp- 
tion rates in the low coverage limit when 
only the high-temperature CO TPD state is 
populated (22). This similarity in kd c° sug- 
gests that the CO + N20 reaction kinetics 
are controlled by desorption out of this high- 
temperature CO TPD state. Previously, the 
CO + 02 reaction kinetics were modeled 
very well (II) with kd c° ~ 6 × 104 sec-,  over 
temperatures (600 K - T -> 450 K) some- 
what lower than those examined here. For 
that case (11), co - kde S IS very close to the value 
(~ 8 × 104 sec- ')  we estimate (from fits of 
our CO TPD data) for desorption from the 
low-temperature CO TPD state. These simi- 
larities in kd c° suggest that CO desorption 
from the low-temperture CO TPD state 
plays a more important role in the CO + 02 
reaction than for the CO + NzO reaction. 
We speculate that bridging CO, which is 
usually associated with the low temperature 
TPD state, is more important in inhibiting 
02 dissociation and thus controls the CO + 
02 reaction rate. This would be the case if 
02 dissociation occurs at these bridging 
sites. However, for the CO + N20 reaction 
we speculate that linear or high desorption 
temperature CO inhibits the adsorption and/ 
or dissociation of N20. Hence, two different 
CO desorption rates are necessary to ade- 
quately model both reactions. 

In addition to k0 c°, the reaction rate is also 

very sensitive to the ratio, bN20/bNgO which 'Xdiss ,r~de" s , 

is the probability that N20 a will dissociate. 
For kdN~ ° we used the values reported by 
Avery for Pt ( l l l )  (21). We were unable to 
obtain NzO TPD spectra because we can 
only cool our sample to about 130 K--N20 
desorbs around 100 K. Then, we adjusted 
k N20 in order to fit our experimental data diss 

L-N~O/bN20 5 X 10  - 4 .  T h e  which leads to ~.digs In'des --- 

v a l u e  of t.N,O which fits our experimental n'di~s 

data depends linearly on the values for CO 
desorption rate and SN20 that we chose. As 
noted above, an upper limit on kd c° is estab- 
lished by the reaction order data which re- 
quires that CO coverage remain above 0.9 
ML. With regards to N20 sticking, if we had 
selected a lower value for SN20 then a propor- 
tionally larger value for kN~ ° would have been 
required to model the data (see Section 4.4). 

4.3. Apparent Activation Energy 

The model (Fig. 1, dashed line) is in good 
agreement with the experimentally deter- 
mined E a of 40.0 kcal/mole (Fig. 1, circles). 
The model's prediction for E a is very closely 
approximated by 

gTN~O __ gTN~O E a EdCe O "~ L, digs L, de- s . ( 9 )  

For the parameters in Table 1, Eq. (9) equals 
39.9 kcal/mol when ®co ~ 1. Most impor- 
tantly, the relationship in Eq. (9) allows us 
to establish, within a couple of kcals, the 
barrier for N20 dissociation. This follows 
since Ed CO and EdN2 ° are fairly well estab- 
lished. For Rh(l I 1), Ed c° is known to be 29.5 
+_ 2.5 kcal/mol (4, I1, 22). Further, given 
the very low N20 desorption temperature 
EN2 ° must be 5.6 --- 1.0 kcal/mol, the value 
measured for Pt(111) (21). Taking these val- 
ues for E c° and ~'N20 EN~O is estimated to be a-,de s , 

17.5 +- 3.5 kcal/mol. This predictionis helpful 
since N20 Eaiss has not been previously measured 
experimentally. Further, with ~n2 ° fixed we L'diss 

can establish that N20 dissociation is the 
RLS. 

4.4. Rate-Limiting Step 

The model predicts that the RLS is the 
dissociation of adsorbed N20. This is a di- 
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rect result of our choice of a high NzO stick- 
ing coefficient. Under the assumption that 
SN2O is high and at Oco - 0.9 ML, the overall 
reaction rate is controlled by the ratio 

bN20/bNgO ~deYsLN'O/l'N20"~diss" With SN20 = 0.5, then ,~d~, ,,~di~ 
is about 2000 at 625 K so that N20 dissocia- 
tion limits the overall reaction rate. How- 
ever, we must consider the possibility that 
N20 adsorption is slow (Sy2o is small) which 
could make N20 adsorption rate limiting. 
Our model predicts that this is not the case. 
We estimate a lower limit for SN O of 0.005 
by estimating the maximum rd~ ° as follows: 
In Section 4.3 we established that E~i~ ° must 
be 17.5 - 3.5 kcal/mol in order to have E~ 
be 40.0 kcal/mol. Assuming that the preex- 
ponential factor for step (3) is -< 5 × 10 TM, 
which is generally true for surface reactions, 
and that "~di~s~'Y'O = 14.0 kcal/mol (which maxi- 
mizes rdiss" N20~!, then SN~o must be 0.005 in order 
to explain the experimental data (Figs. 1 and 

• Y20 is roughly 2) With these rate constants, "diss 
20 × slower than rNd ° - =  rN'°'des, therefore, N20 
dissociation is still the RLS. Furthermore, 
this analysis sets limits for SN2O (1 ----- SN;O --> 
0.005), a quantity for which no independent 
measurements exist. 

5. CONCLUSIONS 

We have, for the first time, measured the 
oxidation of CO by N20 over Rh(l 11) and 
can quite accurately describe the observed 
kinetics with a model based on elementary 
reaction steps. Our experimental results 
show that the reaction is negative first order 
in CO pressure and positive first order in 
N20 pressure with an apparent activation 
energy of 40.0 kcal/mol. Our modeling sug- 
gests that the reaction takes place on a sur- 
face with a CO coverage greater than 0.9 
ML. Also, we conclude that the RLS for 
the reaction is the dissociation of adsorbed 
N20, this step has a barrier of roughly 17.5 
kcal/mol. As for the adsorption of N20, we 
conclude that SN: o must be greater than 
0.005 in order to adequately explain the ki- 
netics that we observe. Our experimental 
data shows that Rh(l l l )  is a very good 
model for a supported Rh catalyst for the 

CO + N20 reaction, and our modeling es- 
tablishes the RLS and allows us to estimate 
two previously unknown quantities, Sy2o 
and N O Edis2s • 
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