
JOURNAL OF CATALYSIS 62, l-12 (1980) 

The Oxidation of Carbon Monoxide over the (110) Surface of Iridium’ 

J. L. TAYLOR,* D. E. IBBOTSON, AND W. H. WEINBERG~ 

Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, California 91125 

Received June 28, 1978; revised June 18, 1979 

The heterogeneously catalyzed reaction of gaseous CO and 0, to form CO, over Ir( 110) has been 
studied, through measurements of the steady-state rate of CO, production, by mass spectrometry 
for surface temperatures between 300 and 1000 K, and for partial pressures of the reactants be- 
tween lo-” and 3 x 1O-B Torr. The rate expressions developed from a previous analysis of transient 
reactions were combined into a model that both qualitatively and quantitatively predicts trends in 
the steady-state measurements. However, the following four phenomena limit the applicability of 
this model: (1) The activation energies for CO desorption and CO oxidation depend markedly upon 
the composition of the adlayer on the surface. (2) Diffusion in the adlayer may limit the rates of CO 
desorption and CO oxidation, but this effect can be included empirically in the rate expression. (3) 
The catalyst surface is oxidized at temperatures where the steady-state rate of CO oxidation is 
rapid, i.e., a second species of atomically adsorbed oxygen forms irreversibly near 700 K. (4) 
Hysteresis in the rate of production of&O* with temperature occurs in the steady-state reaction. 

INTRODUCTION 

Steady-state rates of COP production at 
low pressures (< IO-” Torr) have been mea- 
sured as a function of surface temperature 
for several platinum metal catalysts (Z-7). 
The rate of production is observed to in- 
crease rapidly with temperature until a 
maximum is reached near 600 K and then to 
decrease slowly at higher temperatures. In 
the regime where the rate increases with 
temperature, the desorption of chemisorbed 
CO and the subsequent competitive adsorp- 
tion of oxygen and CO have been thought to 
be the rate-limiting steps since Langmuir 
first described this reaction (I). However, 
the elementary reaction that depicts the 
combination of oxygen and CO to form CO, 
has been a subject of controversy until re- 
cently (6). Although other mechanisms 
have been suggested (8, 9), the reaction of 
chemisorbed oxygen atoms with either 
chemisorbed or physically adsorbed CO 
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molecules is thought to be the most proba- 
ble path for CO oxidation (1). In the first 
case, termed the Langmuir-Hinshelwood 
(L-H) reaction, the rate of oxidation is pro- 
portional to the concentration of 
chemisorbed CO molecules; in the second 
case, termed the Eley-Rideal (E-R) reac- 
tion, the rate is proportional to the partial 
pressure of CO. In either instance, the rate 
is proportional to the coverage of 
chemisorbed oxygen atoms. At first, the 
dominant path for CO oxidation was 
thought to be the E-R reaction (1). The de- 
crease in the steady-state rate of CO, pro- 
duction with increasing surface temperature 
was attributed to a decrease in the coverage 
of oxygen (24). Early studies with mod- 
ulated molecular beams (10, II) demon- 
strated that the decrease in the rate with 
temperature above 600 K could be ex- 
plained only by the L-H reaction, for the 
coverage of CO, rather than oxygen, de- 
creased with increasing temperature. A 
subsequent study with molecular beams (6) 
showed that CO oxidation on Pd(lll) oc- 
curs through the L-H mechanism for sur- 
face temperatures below 600 K. Moreover, 
the oxidation of CO obeys the L-H reaction 
on Ir(ll1) (12, 13). Hence, the adsorption of 
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oxygen and CO, the desorption of CO, and 
the L-H reaction to form CO2 are the four 
elementary reactions that may limit the rate 
of CO oxidation over the platinum metal 
catalysts. For surface temperatures be- 
tween 300 and 1000 K, where the steady- 
state rate is greatest at low pressures, the 
E-R reaction and the desorption of oxygen 
and CO2 are thought to affect the rate to 
second order at most (2, 6). 

The present study of CO oxidation over 
Ir( 110) was undertaken to supplement those 
of earlier investigations and to model the 
dependence of the steady-state rate of CO, 
production under various conditions. Much 
of the preliminary modeling of the steady- 
state rates of CO oxidation has utilized 
transient studies as presented in a previous 
paper (24). These transient studies by 
thermal desorption mass spectrometry fo- 
cused on the following: (1) the dependence 
of the rate expressions for CO desorption 
and CO oxidation upon the composition of 
the adlayer; and (2) the competitive adsorp- 
tion of CO and oxygen (14). The present 
work used a mass spectrometer to monitor 
the steady-state rate of CO2 production. In 
these studies, the partial pressures of the 
reactants, CO and 02, were varied between 
10e8 and 3 x 10e6 Torr, and the temperature 
of the single-crystal catalyst was varied be- 
tween 300 and 1000 K. To determine how 
ordering phenomena influence the oxidation 
rate, the structure of the chemisorbed layer 
was investigated with LEED. An interpre- 
tation of steady-state oxidation rates will be 
presented based on the kinetic expressions 
which were developed earlier (14). 

2. EXPERIMENTAL DETAILS 

The experiments were conducted in a 
stainless-steel bell jar with a base pressure 
below 2 x lo-lo Torr. Partial pressures in 
the steady-state reactions were measured 
with a quadrupole mass spectrometer. The 
order of the overlayer during steady-state 
reactions was assessed by LEED. The sub- 
strate, which was held on a precision manip- 
ulator by two IO-mil Ta wires, could be 

cooled with liquid nitrogen or heated resis- 
tively. The temperature of the substrate 
was measured with a Pt-Pt/ 10% Rh ther- 
mocouple. The intensity from the mass 
spectrometer and the EMF from the ther- 
mocouple were recorded digitally by a 
PDP-1 l/ 10 computer (15), but they are pre- 
sented in analog form for convenience. 

The catalyst was cut from a single crystal 
of Ir and was polished within 1” of the (110) 
orientation. Carbon was removed from the 
surface through a series of oxidation and 
reduction cycles, whereas oxygen was re- 
moved by annealing the substrate above 
1600 K. Prior to each experiment, the sur- 
face was free from impurities with 0.01 ml 
(where 1 ml = 10’” cm-‘), as judged by 
Auger spectroscopy. 

Although CO does not dissociate on 
Ir(ll0) at low pressures below 1300 K (16), 
the measurement of steady-state oxidation 
rates was complicated by the formation of a 
surface oxide at temperatures where the 
rate of oxidation is rapid (17). The oxide is 
distinct chemically from chemisorbed oxy- 
gen, and it is less reactive to reduction by 
CO (14). When a surface that is covered 
with chemisorbed oxygen ‘is heated to 700 
K, the oxide forms irreversibly with a sat- 
uration coverage of 0.25 + 0.05 ml, but de- 
composes by annealing the surface above 
1600 K. Since the presence of the surface 
oxide is known to affect the chemisorption 
of CO (26) and oxygen (17) on Ir(llO), ex- 
periments were performed with both clean 
and oxidized surfaces of Ir(ll0) for the 
transient experiments mentioned (14) and 
the present steady-state experiments. 

The mass spectrometer was used to mon- 
itor steady-state rates of CO* production as 
a function of surface temperature and of the 
composition of the reactant gas. The total 
pressure of the reactants was varied be- 
tween lo-’ and 3 x 10m6 Tot-r, whereas the 
partial pressure of each reactant was varied 
between 10ex and 3 x 10m6 Tot-r. The 
steady-state rates of COZ production were 
measured in the following way. A clean 
Ir( 110) crystal at 300 K was exposed first to 
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CO. Oxygen was not admitted into the reac- 
tor until the surface had been exposed to 
100 liters of CO. Following this exposure, 
the surface is covered with CO, which is 
typically the situation at steady state as is 
shown in the following section. After the 
partial pressures of CO, 02, and CO, had 
equilibrated, the partial pressure of each 
gas was measured. To obtain reaction rates, 
the partial pressure of CO, was measured as 
the temperature of the surface was varied at 
a rate of 80 K min-’ . The measured oxida- 
tion rate at any temperature did not vary for 
slower heating rates. The temperature first 
was increased to 1000 K and then was re- 
tuned to 300 K. As the temperature of the 
surface changed, the partial pressures of the 
reactants, CO and 02, were not monitored 

since these could be determined directly 
from the change-in the partial pressure of 
CO*. Moreover, the extents of reaction 
were small, less than 20%, so that these par- 
tial pressures did not change significantly. 

3. STEADY-STATE RATES OF CO2 PRODUCTION 

The steady-state rate of CO, production 
(R,, molecules cm-’ s-l) was measured as a 
function of the surface temperature (T) and 
the partial pressures (PC0 and P,,) of the 
reactants, CO and 0,. Representative data 
for total pressures (PT) of 3.0 x IO-‘and 3.0 
x IO-” Torr are shown in Fig. 1. Oxidation 
rates were measured for total pressures of 
1.0 x lo-’ and 1.0 lo-” Torr also. For each 
total pressure, the ratio of the CO partial 
pressure to the O2 partial pressure (Q f 

TEMPERATURE (K) 

FIG. 1, Steady-state rates of CO2 production as a function of the surface temperature with the ratio of 
the partial pressures of the reactants (Q = Pc,/P,) as a parameter. Data are shown for total pressures 
of: (a) 3.0 x lo-‘, and(b) 3.0 x 1W Tot-r. The arrows on the curves point to the right if the temperature 
is increasing and to the left if the temperature is decreasing. 
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Pco/Pol) was varied between 0.1 and 10 in 
separate experiments, which will be re- 
ferred to as cycles. The arrows shown in 
Figs. 1 and 2 for each cycle point to the 
right if the surface temperature is increasing 
and to the left if the temperature is decreas- 
ing. Since typically less than 10% of either 
reactant gas was converted to COZ in these 
experiments, the ratio Q did not vary sig- 
nificantly with surface temperature. The 
values of Q shown in Fig. 1 were fixed at 
300 K. 

Several qualitative features are common 
among the cycles shown in Fig. 1. The vari- 
ation in the steady-state rate with the sur- 
face temperature for any cycle is similar to 
that reported for CO oxidation over other 
surfaces of the platinum metals (I-7). A 
maximum in the rate appears near 600 K. 
At this temperature, CO begins to desorb 
rapidly from the platinum metals, suggest- 
ing that CO desorption limits the oxidation 
rate at lower temperatures (I). On Ir(llO), 
the temperature associated with the maxi- 
mum rate is independent of the total 
pressure in the gas phase (at least below 
approximately lo-” Tort-), but it is shifted to 
higher temperatures as Q is increased. 
From the transient studies of CO and oxy- 
gen on Ir( 1 lo), regardless of the coverage of 
oxygen, the rate of CO adsorption during 
the steady-state reaction is approximated 
by (14) 

c deco _ P&l - 8,,)’ 
“dt- (2?rMCOkTgP ’ (1) 

where C,, ho, Mco, k, and T, are the con- 
centration of adsites (lOI cm-*), the frac- 
tional coverage of CO, the molecular weight 
of CO, Boltzmann’s constant, and the gas- 
phase temperature (taken as 300 K,), re- 
spectively. Since the rate of CO adsorption 
[Eq. (l)] increases with Q, this shift is fur- 
ther indication that the desorption of CO 
limits the rate below 600 K. Two features, 
which generally are not reported for CO 
oxidation, appear in the cycles in Fig. 1: (i) 
A second local maximum in the oxidation 
rate occurs near 800 K for larger values of 

Q; and (ii) the oxidation rates exhibit hys- 
teresis as the catalyst temperature is varied. 
Moreover, a change in the maximum rate of 
CO, production is associated with this hys- 
teresis. 

The hysteresis might result from the oxi- 
dation of the surface since the rates of sev- 
eral elementary reactions in the overall oxi- 
dation differ for clean and oxidized Ir( 110) 
(14). To test this hypothesis, the maximum 
temperature of the catalyst, rather than Q, 
was varied among cycles. Several cycles for 
values of Q of 2.711 and l/4.4 are shown in 
Fig. 2. In these experiments, the surface 
was cleaned before the first cycle only. The 
total pressure was 1.0 x IOTfi Tot-r. In the 
absence of CO, the surface is oxidized near 
700 K (17), but, in the presence of CO, the 
surface may be oxidized at higher tempera- 
tures since the processes of CO oxidation 
and oxide formation may compete for 
chemisorbed oxygen. 

For a value of Q of 2.7, the maximum rate 
of oxidation did not change if the maximum 
surface temperature in the first cycle was 
maintained below 750 K. However, hys- 
teresis still occurred, as is shown in Fig. 2a. 
This hysteresis appears not to be time de- 
pendent; the oxidation rates at the two max- 
ima were stable over 30 min, which was the 
longest time that the stability was tested. If 
after the surface temperature had returned 
to 300 K and the reactant gases were 
evacuated, CO was the only desorption 
product observed when the surface was 
heated to 1800 K. During the second cycle, 
the second local maximum in the steady- 
state rate appeared when the surface tem- 
perature first exceeded 850 K but did not 
occur subsequently. As the temperature 
was returned to 300 K, the maximum rate of 
CO, production increased. Moreover, the 
increase was irreversible since the rate at 
the maxima did not change in succeeding 
cycles so long as the sample was not 
cleaned. When the reactants were 
evacuated following the second or succeed- 
ing’cycles, a (2 x 1) p Ig 1 LEED pattern, 
characteristic of CO chemisorption on 
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a) CO2 PRODUCTION ON IR(II0) 
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FIG. 2. Steady-state rates of CO* production as a function of surface temperature with the surface 
history as a parameter. Data are shown for a total pressure of 1.0 x IO+ Torr and for ratios of the 
partial pressures of the reactants (Q = Pco/PO,) of: (a) 2.7/ 1 and (b) l/4.4. The arrows on the curves 
point to the right if the temperature is increasing and to the letI if the temperature is decreasing. 

oxidized Ir( 110) only (16), was observed on 
the surface. Upon flashing the surface to 
1800 K, CO, 02, and CO, were desorbed so 
that the catalyst was oxidized during the 
second cycle, but not during the first cycle. 
Therefore, although the hysteresis cannot 
be attributed solely to’ oxide formation on 
the catalyst, the second local maximum in 
the steady-state rate with increasing tem- 
perature and the change in the maximum 
steady-state rate of COZ production are as- 
sociated with oxide formation on the 
catalyst. Moreover, although the oxide 
layer may be reduced by CO (14, 26), at 
least a fraction of the oxide is stable be- 
tween 300 and 1000 K while CO2 is pro- 
duced under steady-state conditions. For 
values of Q greater than 2, the hysteresis is 
less pronounced following the oxidation of 
the surface. Also, the maximum steady- 

state rate of CO, production is increased fol- 
lowing the formation of the oxide. Both 
trends are evident in Fig. 2a. 

Data for the experiment described above 
are shown in Fig. 2b, but here Q(= Pco/Po3 
is l/4.4. After the catalyst temperature first 
exceeded 700 K, oxidation of the surface 
occurred, and it had to be cooled below 300 
K to quench the production of CO,. As be- 
fore, the oxidation of the catalyst was ver- 
ified both by LEED and by thermal desorp- 
tion. As Q decreased, the oxide layer gen- 
erally formed at lower temperatures. As 
shown in the curve for the first cycle, the 
maximum steady-state rate of CO, produc- 
tion was larger before the surface was 
oxidized. For values of Q less than 1, the 
maximum steady-state rate decreased after 
the surface was oxidized. Moreover, sig- 
nificant hysteresis was not observed for 
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temperatures above the maximum but was 
quite pronounced at lower temperatures. 
Again, hysteresis cannot be attributed solely 
to differences in the catalytic behavior 
on the clean and oxidized surfaces. Hys- 
teresis is observed in cycles for which the 
surface is always clean, i.e., unoxidized, as 
in the first cycle in Fig. 2a, or always 
oxidized, as in succeeding cycles in Fig. 2b. 

Hysteresis would appear in the CO oxi- 
dation rate if the kinetics of the elementary 
reactions that limit the steady-state rate 
vary nonlinearly in the coverage of either 
CO or oxygen. Hence, two or more minima 
in the total Gibbs energy, each associated 
with different coverages of reactants, may 
exist at any surface temperature. Although 
the Gibbs energy for one minimum may be 
substantially smaller than the energy for all 
others, a large activation energy may. pre- 
vent the system from attaining the lowest 
possible Gibbs energy. The minimum that is 
entered as the temperature changes de- 
pends upon the composition of the adlayer 
prior to the change and, therefore, depends 
upon the rate and the sign of the change. 
The “steady-state” rates shown in Figs. 1 
and 2 did not vary with heating rate as long 
as it was maintained below 4 K s-l, but they 
did vary considerably with the sign of the 
heating rate. Although the two different 
rates at the same temperature were stable, 
the rates for larger values of Q tended to 
become unstable and fall rapidly for tem- 
peratures below 600 K as the surface was 
cooled. In this and other respects, the hys- 
teresis reported for CO oxidation over 
polycrystalline Et (7) is similar to that ob- 
served in this study. 

LEED was not only useful for indicating 
that the surface was oxidized but was also 
useful for showing that chemisorbed oxygen 
clusters into islands when the steady-state 
rate of CO oxidation is large. On clean 
B-(110), a p (2 x 2) pattern, which appears 
for oxygen coverages near 0.25 ml in the 
absence of CO, is formed for temperatures 
near the maximum in the steady-state rate. 
On oxidized Ir(llO), a c(2 x 2) pattern, 

which appears for oxygen coverages be- 
tween 0.2 and 0.6 ml in the absence of CO, 
formed for temperatures near the maximum 
also. 

To obtain apparent activation energies for 
CO oxidation under steady-state condi- 
tions, the logarithm of the steady-state rate 
of production of CO, was plotted as a func- 
tion of the reciprocal of the surface temper- 
ature for each cycle, as in Fig. 3. For all 
cycles shown, the surface was clean ini- 
tially, but it was oxidized as the tempera- 
ture was decreased (i.e., for curves with ar- 
rows pointing to the right). The slope of the 
linear part of each plot gives an apparent 
activation energy divided by the Boltzmann 
constant (E,/k), whereas the intercept 
gives the logarithm of the apparent preex- 
ponential factor (In ~a), recognizing that the 
rate of production of CO2 may be written as 
R, = v, exp(-EJRT), where T is the sur- 
face temperature. 

In the region where the rate increases 
with temperature of the clean surface, the 
apparent activation energy (E,) is between 
13 and 16 kcal mole-‘, regardless of the 
total pressure and the value of Q. In the 
same region for the oxidized surface, the 
activation energy is between 5 and 20 kcal 
mole-‘, and tends to increase with Q. In the 
region where the oxidation rate decreases 
with temperature of clean or oxidized 
Ir( 1 lo), the apparent activation energy (E2) 
is between - 6 and - 3 kcal mole-‘, regard- 
less of the total pressure and the value of Q. 

The apparent preexponential factors for 
the oxidation reaction may be related em- 
pirically to the reactant partial pressures 
U’co and Po3 by 

V, = ViPCo"'P&" (2) 

where vi, m, and n are constants. In the 
region where the rate increases with tem- 
perature on the clean surface, the apparent 
preexponential factor is proportional to 
Po,~/Pco (= Po,lQ), as shown in Fig. 4. For 
this region, the oxidation rate (R, in mole- 
cules cm-* s-l) is given by 
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FIG. 3. Arrhenius plots for the variation in the steady-state rates of CO* production with surface 
temperature. Data are shown for various ratios of the partial pressures (Q) and for total pressures oE 
(a) 3.0 x lo-‘, and (b) 3.0 x 10e6 Tot-r. The arrows on the curves point to the left if the temperature is 
increasing and to the right if the temperature is decreasing. 
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FIG. 4. The variation in the apparent preexponential factor with the ratio of the square of the oxygen 
pressure to the CO pressure. The apparent preexponentiai factors were derived Tom plots similar to 
those in Fig. 3 and pertain to the region where the apparent activation energy is positive. Only points 
associated with an increasing surface temperature are shown. 
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where E, is between 13 and 16 kcal mole-‘, 
and vl, from the intercept of Fig. 4, is 2 x 
102”+’ molecules cm-* TOW’ s-l. The scat- 
ter in the data of Fig. 4 is not surprising 
since an error of 2 kcal mole-’ in E, causes 
a tenfold variation in vl. The apparent 
preexponential factors were proportional to 
PTQ and PoZ3’* also, but these correlations 
fit poorly at the extremes in the abscissa. In 
the region where the rate increased with 
temperature on the oxidized surface, no 
correlation could be found since the appar- 
ent activation energy varied markedly with 
the partial pressures of the reactants. 

In the region where the rate decreases 
with the temperature of the clean or 
oxidized Ir(ll0) surface, the apparent 
preexponential factor is proportional toPco, 
as shown in Fig. 5. There, the factors for 
the clean surface are shown as empty sym- 
bols, whereas the factors for the oxidized 
surface are shown as filled symbols. No 
other correlation in the form of Eq. (2) that 
fits the data could be found. For this tem- 

perature regime, the oxidation rate (R,,) is 
given by 

R,, = v2Pc,, exp[-E,/kT], (4) 

where E2 is between -6 and - 3 kcal 
mole-‘, and v2, from the intercept of Fig. 5, 
is 2 x 1O’s*’ molecules cm-* TOIT-’ s-l. 

As is clear from Fig. 3, Eqs. (3) and (4) 
intersect at temperatures near the maxi- 
mum in the steady-state oxidation rate. If 
the intersection coincides exactly with the 
maximum, the temperature at the maximum 
(T,,,,,) would be a function of Q( = Pco/P,,,,,) 
only, and it would be given implicitly by 

Q* = v3 exp[-JYkT,,,I, (5) 

where vg is equal to v,/v2 or approximately 
106**, and Es is equal to (E, - E2), approxi- 
mately 19 r 3 kcal mole-‘. This equation 
does not predict T,,, correctly since T,,, is 
to the left of the intersection for values of Q 
less than 2 and is to the right of the intersec- 
tion for values of Q greater than 2. How- 
ever, as shown in Fig. 6, a plot of In Q as a 
function of T,,,-’ gives approximately lines 

10’3 .- I 1 I I 
co ~XIDA+ION ON I&o) 

I I I I 1 I 1 
CO OXIDATION ON IA(IIO) 

8 8 
4- 4- 

t, t, 
5! iTi! 

2- Z- 0 3.10-G 0 3.10-G 

2% 10’2 - 2-i 10’2 - 
5: 5: 

gB gB 

g”E 4 g”E 4 

SLOPE=I.2%0.2 SLOPE=I.2%0.2 

XP XP 
INTERCEPT = 2.10 “” INTERCEPT = 2.10 “” 

‘f% 2 ‘f% 2 

gz gz 
as IO” - as IO” - 

5.5 5.5 

k! k! 

B B 
4- 4- 

2 2 2- 2- 
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IO’O - ’ IO’O - ’ 1 1 I I I I I I I I I I 1 1 
10-e 2 4 10-e 2 4 10-7 2 4 10-7 2 4 10-s 2 4 10-s 2 4 10-S 10-S 

co(torr) F&Jtorr) 

FIG. 5. The variation in the apparent preexponential factor with the partial pressure of CO. The FIG. 5. The variation in the apparent preexponential factor with the partial pressure of CO. The 
apparent preexponential factors were derived from plots similar to those in Fig. 3 and pertain to the apparent preexponential factors were derived from plots similar to those in Fig. 3 and pertain to the 
region where the apparent activation energy is negative. Points associated with an increasing surface region where the apparent activation energy is negative. Points associated with an increasing surface 
temperature are hollow whereas points associated with a decreasing surface temperature are solid. temperature are hollow whereas points associated with a decreasing surface temperature are solid. 
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FIG. 6. The variation in the partial pressure ratio 
Q(= PcO/PO,) with the reciprocal of the temperature 
associated with the maximum steady-state rate of CO, 
production. Points pertaining to clean Ir(ll0) are hol- 
low whereas points pertaining to oxidized Ir( 110) are 
solid. 

for both clean and oxidized Ir( 110). There, 
points for the respective surfaces are empty 
and filled. In either case, the slope is -9000 
+ 1000 K, which is nearly equal to E,/k. 
Also, the intercepts, 3 x 10G for the clean 
surface and 1 x 10’ for the oxidized sur- 
face, are nearly equal to v3. Hence, the 
temperature at the maximum in the steady- 
state rate is approximated by Eq. (5) if the 
exponent of Q is changed from 2 to 1. 
Moreover, the rate at the maximum is gen- 
erally within a factor of 2 lower than the 
rate given by the intersection of Eqs. (3) 
and (4). 

4. KINETIC MODEL OF STEADY-STATE 
OXIDATION RATES 

A kinetic model will be developed to 
interpret the steady-state oxidation rates in 
light also of the transient studies presented 
elsewhere (14). The rates of three elemen- 
tary reactions-the desorption of COZ, the 
desorption of oxygen, and the oxidation of 
CO via the E-R mechanism-are not in- 

cluded in this model. In the temperature 
range where the steady-state rates were 
measured, the rate of CO, desorption is ex- 
tremely rapid and the rate of oxygen de- 
sorption is extremely slow, so that both 
processes do not affect the overall oxidation 
rate. Studies with modulated molecular 
beams (6, 10, II) have shown that CO oxi- 
dation over the platinum metals between 
300 and 1000 K occurs predominantly 
through the L-H mechanism, whereas the 
oxidation rate via the E-R mechanism is 
undetectable. Moreover, the decrease in 
the oxidation rate observed above 600 K on 
Ir( 110) cannot be attributed to a decrease in 
the coverage of oxygen and can be ex- 
plained only if oxidation occurs by the L-H 
mechanism. 

Four processes-the desorption of CO, 
the oxidation of CO via the L-H mecha- 
nism, the adsorption of CO, and the adsorp- 
tion of oxygen-may limit the steady-state 
rate of COO production. The rate expres- 
sions for the respective processes, deter- 
mined from transient experiments (14), are 
given by Eqs. (6), (7), (l), and (8). 

Rd = - ~,(&o,~oUko 
exp~-&(RdD)IkTl, (6) 

R, = - ~ru3co,~o)cs~adh 
expHA(~co,~o)lkTl, (7) 

c &?L! 
’ dt 

= ~&(~2)~02(~ - ed’(l - ho)’ . (8) 
(27r M,,,kTg)‘” 

Here, S,(O,), &,, and MO2 are the initial 
sticking probability of oxygen, the frac- 
tional coverage of oxygen, and the molecu- 
lar weight of oxygen, respectively. The dif- 
fusion of oxygen and CO on the surface also 
may influence the steady-state rate, but 
these effects are included empirically in 
Eqs. (6) and (7). When CO oxidation is pro- 
ceeding -under steady-state conditions, the 
time derivatives of the oxygen and CO cov- 
erages are each zero. That is, the rate of CO 
oxidation is equal to the rate of oxygen ad- 
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sorption, and the sum of the rates of CO 
oxidation and CO desorption is equal to the 
rate of CO adsorption. Hence, Eqs. (6), (7), 
(I), and (8) may be reduced to three equa- 
tions 

R, + k,&,, = k,P,dl - bJ*, (9) 

R, = k,P,,,(l - &,)‘(l - f&Y, (10) 

Rr = U’o&o (11) 

in three unknowns-&,,, &, and R,. Here, 

k, = (27r M,-OkTg)-‘i2, 
k, = u,C,[exp -E,/kT], 
k, = 2&,(02) [27r MO,kTg]-I”, 
k, = u,C,S exp[-E,/kT]. 

The temperature in the gas phase for the 
steady-state data is 300 K, S,(O,) is approx- 
imately equal to 0.25 (17), and C, is 10’” 
cm-‘. Hence, the values of k, and k, are 
approximately 4 x 1O’O and 2 x lO*O mole- 
cules cm-* Tot-r-’ s-l, respectively. Aver- 
age values of vd, Ed, vp, and E, that are per- 
tinent for the steady-state data are lW”‘O.” 
s-l, 14-17 kcal mole-‘, 3 x lo-lo cm* s-l, 
and 12 kcal mole-’ (14). Although Eqs. 
(9)-(11) may be solved exactly for the 
steady-state rate under any conditions, the 
data are analyzed best by using these equa- 
tions to describe the asymptotic rates above 
and below the maximum. 

In the region where the steady-state oxi- 
dation rate increases with the surface tem- 
perature, the reaction rate is limited by the 
desorption of CO and the competitive ad- 
sorption of oxygen and CO (1-3, 6, 10-13). 
In this region, the coverage of oxygen is 
small and may be ignored in Eq. (10) since 
chemisorbed CO is present to block sites 
fur oxygen chemisorption. Also, the flux of 
CO molecules ,to the surface always ex- 
ceeds the measured oxidation rate by one or 
twa orders of magnitude. Thus, the desorp- 
tion t-me must be large compared to the oxi- 
dation rate. (From the average values of the 
rate parameters (for CO oxidation and de- 
sorption, the predicted ratio of the rates is 
nearly unity between 500 and 1000 K. How- 

ever, an error of 2 kcal mole-’ in either of 
the activation energies would change the 
ratio by tenfold, so the experimentally de- 
termined rates are more appropriate for in- 
terpreting the steady-state data.) If the cov- 
erage of oxygen is small, and if the desorp- 
tion rate of CO substantially exceeds the 
oxidation rate, Eqs. (9) and (10) reduce to 

R, = (kgudCs/kl)Q-l exP[-&/kTl. (12) 

In deriving Eq. (12), the coverage of CO was 
assumed to vary negligibly in temperature 
and to be near one. These assumptions are 
appropriate since, as was shown previously 
(14), the variation in the rate resulting from 
the change in the activation energy with 
coverage may overshadow completely the 
variation resulting from coefficients that de- 
pend on coverages to integral exponents. 
Moreover, the coverage of CO is near unity 
for the’onset of the steady-state reaction. 
Equation (12) is identical to the expression 
derived by Langmuir (I) to describe the 
oxidation rate on Pt in the same tempera- 
ture regime. Although the adsorption kinet- 
ics given by Eqs. (1) and (8) differ from the 
expressions used by Langmuir, the same 
expression describes the steady-state rate 
in either case since the desorption of CO is 
rate limiting in both models. 

For clean Ir( 1 lo), the empirical activation 
energy from Eq. (3), 13-16 kcal mole-‘, 
agrees closely with the predicted value 
from Eq. (12), 17 kcal mole-‘, which was 
estimated, from transient experiments, de- 
scribed elsewhere (24). However, the pre- 
dicted and empirical dependences of the 
rate upon the reactant partial pressures are 
different. The rate is proportional to the 
pressure of oxygen in the model expression, 
but varies as the pressure of oxygen 
squared in the empirical expression. This 
squared dependence, which is observed 
also for CO oxidation over Pd( 111) for simi- 
lar temperatures (6), may be related to the 
diffusion of chemisorbed oxygen. Oxygen 
diffusion on Ir(ll0) becomes rapid at tem- 
peratures where the oxidation rate becomes 
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rapid (27). Moreover, chemisorbed oxygen 
must diffuse since the Op (2 x 2) and the 
O-c(2 x 2) LEED patterns are observed 
during the steady-state reaction. Oxygen 
atoms may diffuse in pairs so that the difi- 
sion rate depends upon the square of the 
coverage (18). In the regime where oxygen 
competes with CO for adsorption sites, the 
coverage of oxygen is proportional to the 
pressure of oxygen as indicated by Eqs. (10) 
and ( 12). Hence, if the diffusion of oxygen 
limits the overall oxidation rate, the rate 
would vary as the square of the partial 
pressure of oxygen. (This variation in the 
rate cannot be explained by the reaction 
being limited to the edges of islands of 
chemisorbed oxygen atoms, for the rate 
would then vary as the square root of the 
oxygen pressure.) Information concerning 
the kinetics of oxygen diffusion is needed to 
relate the empirical preexponential factor in 
Eq. (3) to a predicted value, like that in Eq. 
(12). 

For oxidized Ir(l IO), no empirical ex- 
pression for the overall oxidation, similar to 
Eq. (12), could be found. The data for the 
oxidized surface were obtained in the part 
of the hysteresis cycles where the surface 
temperature is decreasing, rather than in- 
creasing, so that the model presented in the 
previous two paragraphs may not be appro- 
priate for this region. Moreover, the oxide, 
which is reactive to reduction by CO, may 
be decomposed partially as the temperature 
is decreased, but this conjecture was not 
tested. * 

In the region where the steady-state rate 
is decreasing with the surface temperature, 
the empirical expression for the rate over 
clean and oxidized Ir( 110) [Eq. (4)] may be 
derived from Eqs. (9)-( 11). As determined 
from desorption rates of CO calculated 
elsewhere (24), the coverage of CO is small 
for this temperature regime. As shown pre- 
viously, the desorption rate of CO is much 
larger than the oxidation rate. Hence, Eq. 
(9) is approximated closely by 8,&rz = 
k,Pco. Using this expression to give the 
coverage of CO, Eq. (11) becomes 

wWd - EJIkTl. (13) 

Both the activation energy (6) and the 
pressure dependence (5-7, 2922) for the 
oxidation rate in this expression have been 
derived previously for other platinum metal 
catalysts. The coverage of CO is too small 
to inhibit the adsorption of oxygen, and, as 
determined from the data in Fig. 1, the oxi- 
dation rate is not limited by the flux of oxy- 
gen to the surface. Thus, the coverage of 
oxygen in this temperature regime ap- 
proaches the saturation value, 0.5 ml. Using 
the average values for vd and Y, that were 
given previously, the predicted value of the 
preexponential factor from Eq. (13), k, C, 
&cl,/&, = 2 x 1020’1 molecules cm-*Tori-’ 
s-1, is quite close to the empirical value 
from Eq. (4), 2 x 10’g” molecules cm-* 
Torr-’ s-l. Moreover, the pressure depen- 
dences of the two expressions are identical, 
and the predicted value for the activation 
energy, - 5 to - 2 kcal mole-‘, is quite close 
to the observed value, -6 to -3 kcal 
mole-‘. 

CONCLUSIONS 

The heterogenously catalyzed reaction of 
gaseous CO and 0, to form CO, over 
Ir(l10) has been studied through measure- 
ments of the steady-state rate of CO2 pro- 
duction and of the transient kinetics of 
elementary reactions that may limit the 
steady-state rate (14). Both clean and 
oxidized Ir( 110) were used as catalysts. The 
surface oxide, which is distinct chemically 
from chemisorbed oxygen, forms irreversi- 
bly at temperatures where the steady-state 
rate of CO oxidation is rapid. The desorp- 
tion of CO, the oxidation of CO via the 
Langmuir-Hinshelwood mechanism, the 
adsorption of CO, and the adsorption of 
oxygen may limit the steady-state rate of 
CO oxidation, whereas the desorption of 
oxygen, the desorption of COP, and the oxi- 
dation of CO via the Eley-Rideal mecha- 
nism do not affect the rate significantly for 
catalyst temperatures between 300 and 1000 
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K. The rates of the four elementary reac- 
tions that may limit the steady-state rate 
depend complexly on the composition of 
the adlayer. Moreover, the steady-state 
rate may depend critically upon the diffu- 
sion rates of chemisorbed oxygen and CO, 
which were not measured directly in this 
study. 

Models for the steady-state oxidation 
rate, based on the rate expressions devel- 
oped from the transient experiments (Z4), 
give a consistent interpretation of the rate 
data for surface temperatures from 300 to 
1000 K and for partial pressures of the reac- 
tants between 1 x lo-” and 3 x IO+ Torr. 
Below 600 K, where the oxidation rate in- 
creases with the surface temperature, the 
rate is inversely proportional to the partial 
pressure of CO, but is proportional to the 
square of the partial pressure of oxygen. 
The unusual variation in the rate with the 
oxygen pressure may be associated with the 
diffusion of chemisorbed oxygen on the sur- 
face. If the steady-state rate is measured as 
the surface temperature is increased below 
600 K, the apparent activation energy and 
preexponential factor for the steady-state 
rate on clean Ix-(1 10) are 14 + 2 kcal mole-’ 
and 2 x 102”” molecules cm-* Torr-’ s-l. 
However, if the rate is measured as the 
temperature is decreased, the apparent ac- 
tivation energy and preexponential factor 
vary considerably due to hysteresis in the 
rate of CO2 production. Since the rates of 
the elementary reactions that limit the 
steady-state rate are nonlinear functions of 
the coverages of CO and oxygen, the Gibbs 
energy for any surface temperature may 
have several local minima so that hysteresis 
may occur. Above 600 K, where the 
steady-state rate decreases with the surface 
temperature, the oxidation rate is propor- 
tional to the partial pressure of CO, but is 
independent of the partial pressure of oxy- 
gen. Regardless of whether the surface is 
clean or oxidized, and whether the surface 
temperature is being increased or de- 

creased, the apparent activation energy and 
preexponential factor for the overall rate 
coefficient are -4 + 2 kcal mole-’ and 2 x 

101g*’ molecules crnm2 TOI--’ s-l. The tem- 
perature associated with the maximum oxi- 
dation rate at steady state occurs near the 
intersections of the asymptotic curves 
above and below 600 K, and it is inversely 
proportional to the logarithm of the ratio of 
the CO partial pressure to the oxygen par- 
tial pressure. 
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