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A study of the kinetics of the reaction of adsorbed carbon monoxide with oxygen on 
polycrystahine palladium is reported in which a pressure jump method was used to induce 
transients in the carbon dioxide production. Through an analysis of these transients under a 
variety of conditions of temperature and oxygen pressure, some details of the kinetics have 
been delineated. At relatively low temperatures and under a significant O2 pressure, CO(a) 
is desorbed more readily as CO,, via the reaction CO(a) + O(a) + CO,, than as CO. The 
reaction is first order in oxygen and the rate is limited by the rate of adsorption of oxygen 
onto sites which are in close proximity to CO(a). Oxygen adsorption at sites which are fur- 
ther than a critical distance from CO(a) are unreactive. The critical distance increases with 
temperature reflecting increased mobility. Under conditions where both CO(a) and O(a) are 
significant and both CO(g) and OZ(g) are small the rate is limited by the mobility of CO(a) 
and/or O(a). The amount of CO(a) during the course of the steady-state oxidation reaction 
can be determined by analyzing the transient CO, production which occurs following a 
pressure jump in carbon monoxide. 

I. INTRODUCTION 

In previous papers (1,2) it has been 
shown that the CO oxidation on polycrys- 
talline palladium can occur through two 
reaction paths, an Eley-Rideal reaction, 
CO(g) + O(a) + COz, and a Langmuir- 
Hinshelwood reaction, CO(a) + O(a) + 
CO, Similar results have been reported 
on single crystals of Pt (3) and Pd (4,5). 
The former path is relatively simple kinet- 
ically (2,2) and plays the major role in the 
steady COz formation when the partial 
pressure ratio, poz/pco, is greater than 
unity. On the other hand, the latter in- 
volves more complicated kinetic behavior 
(2,4) which has not been studied in detail. 

Below about 523 K, the rate of steady 
COz formation is retarded by adsorption of 
CO when +pco > po2. (2), and the inhibition 
becomes larger as the substrate tempera- 
ture is decreased. The process 
CO(a) + O(a) 4 COz can, under these 

’ Supported in part by the National Science Foun- 
dation GP-37974. 

conditions, play a role in elimination of 
CO(a) from the surface. Therefore, the 
kinetics of this process is not only interest- 
ing as a fundamental surface process, but 
may also play an important role in main- 
taining the activity of the catalyst under 
conditions where relatively large amounts 
of CO can be adsorbed. 

The purpose of this paper is to report 
and interpret experimental data, obtained 
using pressure jump methods (34, which 
are related to the process, CO(a) + 
O(a) + COz. By analyzing transients, 
induced by a pressure jump in CO or 
02, as a function of ambient pressure, 
gas phase composition, and substrate tem- 
perature, we are able to delineate certain 
aspects of the kinetics and determine the 
amount of CO(a) and O(a) present during 
COz formation. 

II. EXPERIMENTAL METHODS 

Some aspects of the apparatus and 
experimental procedures have been re- 
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ported previously (1,6). The system was a 
bakeable ultrahigh vacuum apparatus used 
in a routine fashion such that the base 
pressures achieved were less than 5 X 10e7 
Pa, the principal residual being CO. The 
pressures, total and partial, were moni- 
tored with a Bayard-Alpert ionization 
gauge and a quadrupole mass spec- 
trometer. During experiments the system 
was continuously pumped by an ion pump. 

The substrate was a rectangular Pd foil 
(20 x 5 x 0.13 mm). Prior to the experi- 
ments it was exposed to oxygen at a pres- 
sure of 10m4 Pa at 900 K. This treatment is 
sufficient for establishment of stable cata- 
lyst behavior (6). During a series of mea- 
surements, the oxygen-dosed substrate 
was heated to 900 K for about 5 min prior 
to each experiment. 

Reactant gases O2 and CO were in- 
troduced through two continuously vari- 
able leak valves. Temperatures were mea- 
sured with an iron-constantan ther- 
mocouple spot-welded to the substrate. 

III. RESULTS AND DISCUSSION 

1. Transients Observed When a Steady- 
State O,lPd System Was Dosed 
with CO 

A typical experiment is outlined in Fig. 
1; a steady-state flowing OJPd system was 
established at some temperature T and 
then dosed with a relatively large pressure 
of CO. For the case shown in Fig. 1, the 
initial O2 pressure was 3.3 X lOA Pa, the 
CO dose pressure was 7.6 X 10m5 Pa, the 
dose time was 5 min, and the temperature 
was 393 K. The CO valve was rapidly 
closed to end the dose period. As shown 
in Fig. 1, the initial and final CO pressure 
jumps induced transients in the O2 and 
CO2 pressures. 

At the beginning of the dose period, the 
CO pressure increased to a steady value 
through an initial plateau. The plateau is 
attributed to two processes: first, there is 
some consumption of CO by the reaction 

CO(g) + O(a) * CO, and second, there is 
adsorption of CO onto unoccupied sites 
left after this reaction. During this period 
the oxygen pressure showed a small drop, 
due to adsorption upon similar unoccupied 
sites, while CO2 peaked (peak I of Fig. 1). 
After passing through a peak in the early 
stages of the CO dose, the CO2 pressure 
slowly approached a steady-state value, 
which was, at 393 K, much lower than the 
maximum of peak I. During the CO dose, 
the behavior of CO2 is interpreted as 
follows. The initial sharp CO, peak shows 
the occurrence of the Eley-Rideal reaction 
(I), CO(g) + O(a) + COz. A short time 
after the CO dose began, the CO2 
decreased because at this temperature the 
surface coverage of oxygen cannot be 
maintained for pea % poz. This occurs since 
the reaction CO(g) + O(a) --, CO2 is fast, 
allowing CO(g) to rapidly replace O(a) as 
it is used. The reaction Oz(g) + CO(a) + 
CO2 + O(a) either does not occur or is 
very slow. 

When the CO flow was stopped as 
shown in Fig. 1, the CO partial pressure 
dropped very rapidly, while O2 and CO2 
pressures changed characteristically with 
much longer time constants. The formation 
rate of CO2 dropped from its steady value 
to a little lower background level and then 
increased slowly, went through a max- 
imum, and decreased to a new steady 
value which was dictated by the back- 
ground pressures of CO and Oz. The gen- 
eral shape is depicted in Fig. 1 as peak II. 
During the CO, peak, the O2 pressure 
dropped reflecting the adsorption of ox- 
ygen on sites made available by the re- 
moval of CO as CO,. 

When the substrate was heated just be- 
fore finishing the CO dose, a significant 
amount of CO, but only a small amount of 
COs, was desorbed. Thus, the CO2 which 
appears after the CO valve is closed is 
formed by the reaction of CO(a), and does 
not arise from desorption of adsorbed 
carbon dioxide, such as Kobayashi and 
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FIG. 1. Application of CO pressure jump method to induce transients, peaks I and II, in the CO, produc- 
tion at 393 K. Variations in CO, 9, and CO2 are shown for a CO dose pressure of 7.5 X 10T5 Pa for 5 min. 
The initial 0, pressure was 3.3 X 10e5 Pa. 

Kobayashi (8) reported on Cr,03 by a sim- 
ilar method. 

This behavior shows that under these 
conditions CO, is formed by the reaction 
of adsorbed carbon monoxide with ad- 
sorbed oxygen. Oxygen reacting directly 
from the gas phase to form COZ does not 
predominate because if the process 
CO(a) + 0, ---* COZ + O(a) were most im- 
portant, the maximum CO, pressure 
should always appear during the CO dose, 
since the coverage of CO(a) is largest 
during that period; that is, the COZ pres- 
sure should obey a first order decay after 
closing the CO valve. Actually the COZ 
rate was relatively small when CO was 
flowing. As pointed out by Bonzel and Ku 
(3), the transient COZ appearing after the 
CO valve was closed can be accounted for 
on the basis that a small part of CO(a) is 
desorbed as the CO pressure drops; after 
that O2 is adsorbed as O(a) which reacts 
with CO(a) to produce COZ. 

In what follows we discuss the depen- 
dence of COz peak II upon background O2 
pressure, the substrate temperature, and 
the coverage of CO(a) and O(a). The COZ 
transient often showed two or more local 

maxima, especially at low temperatures. 
Most of our discussion is based on the sec- 
ond peak because it was always much 
larger than the others. 

2. O2 Pressure Dependence 

The magnitude and shape of the COZ 
peak II is very sensitive to the background 
O2 pressure. Figure 2 shows the depen- 
dence of the maximum peak height, 
(A~~cdmax~ on pa at 413 K. The dif- 
ference between the height of peak II and 
the final COZ background defines 
hhxdmax- As illustrated in Fig. 2, the 
height shows a first order dependence on 
pal whereas the time required to reach the 
maximum after the CO valve was closed, 
t max, decreased with first order depen- 
dence. Similar results were obtained at 433 
and 393 K. 

As summarized in Table 1, the area 
under peak II was constant independent of 
poz except when pco s poz or pco ,< pa. In 
the former case there was a considerable 
opportunity for making significant error in 
computing the peak area due to the very 
broad peak which became difficult to dis- 
tinguish from the CO, background. The 
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FIG. 2. Variation with 0, pressure of the height of 
peak II (see Fig. 1) and the time, t,,,, required to 
reach the maximum at 413 K. The CO dose pressure 
was 1.2 x 1O-4 Pa and the dose period was 5 min. 

decrease of the peak area for pco < po2 in- 
dicates that the steady-state CO(a) grew 
smaller as the oxygen pressure increased 
(2,7). These results show that under a sig- 
nificant po2 almost all of CO(a), which can 
react with oxygen, is desorbed as CO, 
through the Langmuir-Hinshelwood 
process, rather than being desorbed as 
CO. Hence the amount of CO(a) under 
working conditions can be determined 

TABLE 1 
RELATIVE AREA OF CO, PEAK UNDER 

VARIOUS BACKGROUND 0, PRESSURES AT A 
FIXED CO OF 1.2 x 1O-4 Pa AT 413 p 

PO* (lo+ Pa) Relative area 

0.85 0.87 
2.0 1.0 
2.9 1.0 
3.4 1.0 
6.9 0.98 
9.6 l.W 

12.8 1.0 
21.3 0.92 
28.2 0.90 

a The CO dose period was 300 sec. 
b Standard. 

from the CO, peak area. In passing it 
should be noted that the contribution of 
gas phase CO to COz production during 
peak II was subtracted as a background 
level. This background includes the con- 
tribution of CO(g) + O(a) ---, COz and pro- 
duction of CO2 at the mass spectrometer 
and ion gauge filaments. 

3. Temperature Dependence 

The temperature dependence of peak II, 
as shown in Fig. 3, is quite different from 
that observed on single crystal Pt (3) and 
Pd (4). The latter two systems showed a 
single peak, while our transients were 
characterized by two (and in some cases 
more) peaks, especially at low tempera- 
tures. These different peaks may be due to 
different kinds of adsorption of CO, de- 
pending on crystal planes. It would be 
very interesting to try to resolve these CO, 
peaks. However, except at temperatures 
below 375 K, they are strongly overlapped 
and at low temperatures our data are sub- 
ject to rather large experimental error. 

The logarithm of the peak height of the 
second maximum, which was always pre- 
dominant, is plotted versus l/T in Fig. 4 
for temperatures between 371 and 478 K. 
Over this range, the activation energy is 
estimated to be about 21 kJ mole-‘, which 
is smaller than the value of 29 kJ mole-’ 
reported oh Pd(ll1) (4) for comparable 
experimental conditions. 

The characteristic shape and area of 
peak II is quite dependent on the substrate 
temperature as shown in Fig. 3. For tem- 
peratures above 500 K there is actually no 
peak and the CO, signal decays away rap- 
idly. This is attributed to the small amount 
of CO adsorbed at these temperatures and, 
as outlined below, the relatively large 
amount of O(a) available for reaction with 
CO(a) under these conditions. At lower 
temperatures, especially below 460 K, one 
or more pronounced peaks occur in the 
COz production after termination of the 
CO dose. These are attributed to the reac- 
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Time 
FIG. 3. The temperature dependence of peak II for a tixed CO dose of 7.6 x 10-s Pa for 5 min and a fixed 

initial oxygen pressure of 3.3 x 10e5 Pa. The short hat step at the beginning of each curve indicates the steady- 
state CO, production rate prior to the sharp pressure drop in CO (see Fig. 1). The pressure drop occurred at 

- the right end of the step. 

tion CO(a) + O(a) + C02, the rate of 
which appears to be limited by oxygen ad- 
sorption onto sites which are in close prox- 
imity to CO(a). The CO2 pressure in- 
creases with time after the CO dose is ter- 
minated because the amount of adsorbed 
oxygen increases with time. The maximum 
rate is expected when both the CO(a) and 
O(a) are about half of full coverage. These 
considerations are discussed in further de- 
tail in Sect. IV. 
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FIG. 4. Arrhenius plot of the temperature depen- 
dence of the height of peak II. Experimental condi- 
tions are those referred to in Fig. 3. When the CO, 
transient showed more than one peak the largest was 
used as the maximum. 

4. Amount of CO(a) and O(a) 
during CO2 Formation 

In order to elucidate the kinetic behav- 
ior of the CO2 formation during peak 11, 
the amounts of CO(a) and O(a) were deter- 
mined while CO2 peaked, using a CO-titra- 
tion method (1). A typical experiment is 
shown in Fig. 5. The CO/O,/Pd system 
was allowed to reach steady state. To ob- 
serve a transient peak A, the CO valve 
was closed. After a period tl, the O2 valve 
was closed and following a delay tz a rela- 
tively large dose of CO was applied. After 
the CO valve was closed at the beginning 
of the transient experiment, the CO2 pres- 
sure followed the expected course. When 
the O2 flow stopped, it decreased immedi- 
ately, as shown by the solid curve in Fig. 
5. The broken line portion of the curve 
shows the decay of CO2 that would have 
been observed if the oxygen flow had con- 
tinued. Dosage with CO after the delay t2 
gave a sharp pulse, peak B, of CO2 due to 
the reaction, CO(g) + O(a) --;, COz. The 
area of peak B gives the amount of oxygen 
adsorbed on the substrate at time t2 (1). 

Generally the area of peak B decreased 
with t2, and the decrease is dominated by 
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FIG. 5. A typical transient peak II monitored by pressure jump techniques to determine the amount of CO(a) 
and O(a) present. For this case, the 0, pressure up to the close of period tI was 3.7 x 1OW Pa while the CO dose 
prior to t, was 8.7 X 1V5 Pa for 5 rnin~ 

the reaction between O(a) and the back- 
ground CO. Hence the amount of O(a) at 
f2 = 0 was estimated by extrapolation of a 
plot of the logarithm of the area of peak B 
versus tz (I). The results are summarized 
in Table 2. The times t2 = 28, 35, and 43 
set correspond to the points 1, 2, and 3 
shown in Fig. 5. Peak B in Table 2 repre- 
sents the extrapolated area (tq + 0) of 
peak B relative to that obtained at t, = 200 
sec. For tI > 200 set, COZ was produced 
at a constant background level indicating 
all available CO(a), except that due to 
background, has been removed from the 
substrate. Thus the area of peak B at 

TABLE 2 

AMOUNT OF CO(a) AND O(a) DURING CO2 
FORMATION 

Peak 

h (W A, AZ B Peak B/peak A, 

28 0.35 0.65 0.10 0.20” 
35 0.51 0.49 0.21 0.30 
43 0.75 0.25 0.63 0.55 

200 1.0* 0.0 l.W 0.80 

a This ratio is calculated using actual peak areas, 
not the relative areas shown in the other columns. 

* Standard. 

tI = 200 set may be considered to corre- 
spond to the saturation value of adsorbed 
oxygen. Peaks A, and A, in Table 2 show, 
respectively, the amounts of CO(a) de- 
sorbed as CO* during tI and the CO(a) re- 
maining at the end of period tI relative to 
the full COZ peak which would be ob- 
served if the O2 flow was not terminated 
until tl > 200 sec. 

The composite of Table 2 and Fig. 5 
reveals some important details concerning 
the reaction to produce CO, under these 
conditions. First, as indicated by the areas 
of the A, peaks, stopping O2 flow at any 
time less than 200 set leaves a significant 
amount of CO on the surface. Second, 
during period tr, a significant amount of 
oxygen is adsorbed as indicated by the 
area of peak B. From Fig. 5 it is, however, 
clear that CO, production drops dramati- 
cally when O2 flow is terminated even 
though significant amounts of O(a) and 
CO(a) are present. Thus not every O(a) is 
readily available for reaction with CO(a) 
under these conditions. Further, note that 
the sum of the areas of peak A, [residual 
CO(a)] and peak B [amount of O(a)] is 
always less than unity which suggests that 
some of the sites vacated by CO during t, 
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are not occupied by 
ning of period t2. 

oxygen at the begin- 

5. Eflect of Heating a Substrate Partially 
Covered with CO(a) and O(a). 

In a somewhat different kind of experi- 
ment, the O2 flow was stopped at point 2 
of Fig. 5 and, instead of dosing with CO, 
the substrate was heated gradually to 
about 670 K. During this heating a signifi- 
cant amount of COz was desorbed whereas 
by comparison the amount of CO de- 
sorbed was very small. This result suggests 
that O(a) and CO(a) are relatively im- 
mobile at low temperatures. This point is 
discussed further in Sect. IV especially as 
it relates to the rate when the O2 pressure 
is large. 

IV. KINETIC MODEL 

In the previous section we have pre- 
sented experimental observations for a 
variety of conditions and a brief discussion 
of those observations in anticipation of the 
general conclusions drawn in this section. 
The observations under conditions of sig- 
nificant O2 pressure can be explained on 
the basis of a model in which O2 adsorp- 
tion is rate limiting and for which there are 
two classes of adsorbed oxygen, reactive 
and nonreactive. The distinction between 
these two classes is related to the distance 
between CO(a) and O(a); if this distance is 
small the O(a) is reactive. The critical dis- 
tance which divides the reactive and 
nonreactive classes increases with the tem- 
perature reflecting higher mobility as the 
temperature increases. However, mobility 
plays only a small part in determining the 
rate at any given temperature so long as 
the O2 pressure is significant. Rather, the 
rate is dominated by oxygen adsorption 
onto unoccupied sites in the neighborhood 
of CO(a) as indicated by the first order 
dependence on Oz(g) shown in Fig. 2. 

When both CO(g) and O,(g) are low the 
rate is determined by the mobility since 

AND WHITE 

there is no gas phase oxygen which can 
populate sites which are close to CO(a). 

On the basis of this model we can ac- 
count for the observations of Sect. III. For 
example, the last column of Table 2 shows 
that the ratio of the areas of peak B and 
peak A, increases markedly with tl. From 
this observation we conclude that when tl 
is small, CO(a), removed as COz, is not 
immediately replaced by adsorbed oxygen. 
This suggests that oxygen adsorption is 
under these conditions rate limiting. 

Even when the amounts of adsorbed ox- 
ygen and adsorbed CO are significant, the 
COz formation rate is very small in the ab- 
sence of gas phase oxygen as shown by the 
data of Fig. 5 and Table 2. This confirms 
the notion that the mobility of CO(a) and 
O(a) is limited and, especially at low tem- 
peratures around 400 K, there is a rela- 
tively large amount of O(a) which is not 
close enough to CO(a) to react and pro- 
duce CO,. Thus the COz production rate is 
limited by the rate of oxygen adsorption 
onto the reactive class of sites and a first 
order depencence on the O2 pressure is ex- 
pected. Figure 2 shows that the maximum 
rate of COz production during the transient 
peak II does indeed follow a first order 
dependence on Oz. 

The number of reactive O(a) sites 
should increase as CO(a) decreases until 
the coverage reaches about half of its max- 
imum value after which the number should 
decrease. Thus the maximum COz produc- 
tion rate plotted in Fig. 2 corresponds to a 
CO coverage of about 0.5. Assuming that 
the amount of adsorbed CO is the same at 
the termination of the CO dose, regardless 
of the O2 pressure, tmax measures the time 
required to reduce the initial amount to 
one half the maximum value. According to 
the above model a first order dependence 
of the rate on O2 pressure implies that tmax 
should follow a negative first order depen- 
dence on 0, pressure which is in agree- 
ment with Fig. 2. 
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As pointed out in Sect. III the tempera- 
ture dependence of the transient induced 
by the CO pressure jump is quite strong. 
At temperatures above 500 K the max- 
imum rate of COz production occurs at the 
beginning of the transient. This occurs be- 
cause the amount of CO(a) at steady state 
is quite small under these conditions 
(7,9,10) and the number of reactive O(a) 
sites is relatively large at these tempera- 
tures where the critical distance distin- 
guishing reactive and nonreactive sites is 
relatively large. As the substrate tempera- 
ture decreases the steady-state CO(a) in- 
creases and the number of reactive O(a) 
sites diminishes. Referring to Fig. 3, at 478 
K the steady-state CO(a) is about half its 
maximum value. As the temperature de- 
creases I,,, increases because more CO(a) 
must be removed before the amount of 
CO(a) reaches half its maximum value and 
because the rate of oxygen adsorption onto 
reactive sites declines. 

A model in which the rate of COz 
production is proportional to the product 
of the amount of adsorbed oxygen and the 
amount of adsorbed carbon monoxide has 
been proposed as an explanation of some 
data on single crystal Pt (3) and Pd (4). 
Such an expression cannot be successfully 
applied to the results reported here be- 
cause it fails to account for the very low 
reaction rate observed when both CO(g) 
and O,(g) are low even though CO(a) and 
O(a) are significant. According to the 
model presented here, the number of sites 
which are both available for 0, adsorption 
and are in close proximity to CO(a), i.e., a 
reactive O(a), depends on the mobility of 
CO(a) and/or O(a). The activation energy 
of the maximum rate of COz production, 
Fig. 4, is thus influenced by the tempera- 

ture dependence of the mobility of CO(a) 
and/or O(a) on polycrystalline Pd. At the 
same time the rate is, at a given tempera- 
ture, limited by the oxygen adsorption rate 
onto reactive sites, the number of which 
for a given amount of CO(a), increases 
with temperature. 

SUMMARY 

The kinetics of the reaction 
CO(a) + O(a) + COz on polycrystalline 
palladium was studied by means of a pres- 
sure jump method. Under a significant O2 
pressure, CO(a) is desorbed as COz rather 
than CO. The rate is first order in 02, is lim- 
ited by 0, adsorption, and has an activa- 
tion energy of about 21 kJ mole-‘. The 
amount of CO(a) during the course of the 
steady-state oxidation reaction can be de- 
termined through analysis of the transient 
CO, peak produced by the pressure jump 
method. 

1. 

2. 

3. 

4. 

5. 
6. 

7. 

8. 

9. 

10. 

REFERENCES 

Matsushima, T., and White, J. M., J. Catal. 39, 
265 (1975). 

Matsushima, T., Close, J., Almy, D., Foyt, D., 
and White, J. M., .I. Caral. 39, 277 (1975). 

Bonzel, H. P., and Ku, R., Surface Sci. 33, 91 
(1972). 

Ertl, G., and Neumann, M., Z. Phys. Chem. N.F. 
90, 127 (1974). 

Ertl, G., and Rau, P., Surface Sci. 15,443 (1969). 
Close, J., and White, J. M., J. Catal. 36, 185 

(1975). 
Mussett, C., Matsushima, T., and White, J. M., 

unpublished data. 
Kobayashi, H., and Kobayashi, M., Cural. Rev. 

10, 139 (1974). 

Ed, G., and Koch, J., in “Adsorption-Desorp- 
tion Phenomena” (F. Ricca, Ed), p. 345. Aca- 
demic Press, New York, 1972. 

Conrad, H., Ertl, G., Koch, J., and Latta, E. E., 
Surface Sci. 43, 462 (1974). 


