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The kinetics of the CO oxidation has been studied on polycrystalline platinum at various partial pressures,
total pressures, and temperatures; 0.1< Pgo/Po,<5, 10-8<P<10-3 Pa, and 300<T<900K. The reaction
was first-order in CO and zero-order in O, for low pressures of CO, while it was inhibited by CO above a certain
critical GO pressure, which increased with an increase in the O, pressure and temperature. Above that CO pres-
sure, the reaction was first-order in O, and negative-order in CO. The amount of CO adsorbed was determined

during the reaction with a flash-desorption technique.
that determined in the CO/Pt equilibrium system.
small at lower pressures.
and a change in the rate-limiting step.

Numerous investigations have been reported on CO
oxidation over single-crystal and polycrystalline-plati-
num surfaces.!19 Different kinetic behavior at the
steady state was observed below and above about 550 K,
and the reaction orders with respect to O, and CO
depend strongly on the partial pressure ratio.? Several
transient techniques®~1% have provided ample evidence
that CO, is formed through two elementary processes:
an Eley-Rideal process (E-R), CO(phys. ads.)+O(a)—
CO,, and a Langmuir-Hinshelwood process (L-H),
CO(chem. ads.) +O(a)—CO,. According to measure-
ments with AES'%1) and secondary-ion mass-spec-
troscopy,'® CO(a) is much less than O(a) when Py,<
Po,, while the reverse is true for Pco>Po,. Generally,
the kinetics at the steady state has been explained in
terms of the E-R process.?=% On the contrary, though,
this work will report that the inhibitory region is nar-
rowed with an increase in the temperature and will
ascribe this to a contribution from the L-H process.

Experimental

The experimental apparatus and procedures were essen-
tially the same as those reported previously.l® A polycrys-
talline platinum foil (30 x4 x0.05 mm) was used as a cata-
lyst. Prior to the experiments it was exposed to 1X10~4 Pa
of oxygen at 1400 K for several hours, and then flashed to
1600 K for a few tens of minutes. Several repetitions of this
treatment were sufficient to establish stable catalyst behavior.
A Bayard-Alpert gauge was used for only the calibration of
the sensitivity of the mass spectrometer. The observed m/e=
44 signal was proportional to the GO, production rate, since
the system was continuously pumped. All of these experi-
ments utilize a hot-filament electron supply in the mass spec-
trometer. There is some background reaction on the fila-
ment, which was measured separately with the substrate
at room temperature and subtracted from the results of
measurements made at the operating temperatures.

Results

Since CO, is not adsorbed under the conditions used
herel? it is assumed that CO, interacts so weakly with
the surface that the partial pressure exerts no influence
on the rate of the reaction.

Temperature Dependence. The oxidation rate de-
pended strongly on the substrate temperature. The
profile was characterized by an optimum around the

Above the critical CO pressure it was almost equal to
It decreased sharply around the CO pressure and was very
The kinetic behavior can be explained in terms of a Langmuir-Hinshelwood process
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Fig. 1. Variation of the rate of CO, production at
the steady state with temperature at various fixed
pressures of GO and O,. The vertical dotted line
at 0.5x10-® Pa of CO shows a discontinuous change
of CO, production.

CO desorption temperature. Some typical results are
shown in Fig. 1. For Pco<Po,, the rate showed an
increase similar to the other case below a certain critical
temperature, where it increased discontinuously up to
the maximum level, which was constant over a wide
range of temperatures. The activation energies were
estimated to be 55—84 k] mol-1, zero, and negative
below, around, and above the optimum respectively.

CO Pressure Dependence. The results are sum-
marized in Figs. 2 and 3. These figures are both
characterized by sharp transitions at a certain critical
CO pressure. Below that pressure the reaction was
first-order in CO and independent of the temperature,
while above that pressure it was negative-order in CO
and very sensitive to the temperature. The rate drop-
ped discontinuously at the critical CO pressure, as is
shown by the vertical dotted lines. The CO pressure
shifted toward low values with a decrease in the tem-
perature, and toward high values with an increase in
the oxygen pressure.

O, Pressure Dependence. The results are displayed
in Fig. 4. Like carbon monoxide, the oxygen-pressure
dependence showed sharp transitions at some oxygen
pressure. The rate showed first-order and zero-order
behavior below and above the transition pressure re-
spectively. Such sharp breaks in the CO and O, pres-
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sure dependences were in general agreement with those
reported by Bonzel and Ku for Pt (110), although they
reported only turning points at a fixed high temperature.

CO Adsorption during the Catalyzed Reaction. The
amount of CO adsorbed was determined in the course
of the catalyzed reaction by means of flash desorption.1®)
A steady-state CO/O,/Pt system was established at a
fixed temperature, and then the substrate was heated
while the CO peak was monitored. Afterward, the
system was returned to the same steady state and the
CO, peak was recorded during a second flash-desorp-
tion experiment. Figure 5 shows some typical tran-
sients of CO and CO, generated by flash desorption.
The desorption of CO was complete around the final
temperature, 900 K. The dashed lines in Fig. 5 are
arbitrarily drawn as point-by-point reference lines for
constructing a mirror image of the GO, production
curve. Assuming that the only sink for CO, aside from
the pump, is its conversion to CO,, and that the only
source of CO, is CO, it is clear as a result of the stoi-
chiometry that the cross-hatched area gives the amount
of GO adsorbed initially.16:19  Figure 6 shows the CO
adsorption at 468 and 526 K with 1.7x10-5Pa of
oxygen and without oxygen. Above the critical CO
pressure, the coverage during the reaction equalled the
value measured in the CO/Pt non-working system;
i.e., the adsorption-desorption process of CO was in
equilibrium. It decreased sharply around the CO
pressure and became very small under lower pressures.
Note the marked difference between the CO/Pt non-
working system and the CO/O,/Pt working system
below the critical CO pressure. At a low temperature,
the sharp drop occurred at lower CO pressures.

Discussion

The Activation Energy. The temperature depend-
ence in Fig. 1 is qualitatively similar to the results
reported on single-crystal ((100)Y and (111)®) and
on polycrystalline®1® platinum. Similar results have
also been reported for other metal surfaces: Pd,18:19)
Ni,28 Ir,27-39) and Ru.31:32)  Below the optimum, Bonzel
and Kul concluded that the rate-limiting step was
the desorption of CO(a) from the surface; they reached
this conclusion by comparing the apparent activation
energy with the enthalpy for the CO desorption. Re-
cent studies of the L-H process® have shown that the
rate at 415 K in the presence of 1 xX10~¢ Pa of oxygen
is comparable to that of CO thermal desorption. Under
higher pressures of O,, the former contributes more to
the removal of CO(a). In general, under the experi-
mental conditions employed here CO(a) can be re-
moved mainly via the L-H process. The adsorption-
desorption process of CO is in equilibrium below the
optimum, and the surface area available for O, adsorp-
tion increases with the temperature. The apparent
activation energy decreases with an increase in the CO
pressure and becomes much less than the enthalpy of
CO desorption, 120 kJ mol—1,20-23,2%) in contrast with
the model, in which the CO desorption is rate-limiting.
Around the optimum, the amount of CO(a) is much
less than that in equilibrium with the CO partial pres-
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Fig. 2. Variation of the rate of CO, production with
CO pressure at 527K and various fixed oxygen
The vertical bars indicate the fixed oxygen

pressures.
pressures. V¥: 1.9x10-3Pa, O: 6.0x10-%Pa, A:
1.7x10-4Pa. The reaction orders with respect to

CO are indicated along the linear portion of each
curve. The vertical dotted lines show sharp drops
in the CO, production.
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Fig. 3. Variation of the rate of CO, production with
CO pressure at various temperatures, under a fixed
O, pressure of 1.9x10-5Pa. There are sharp
transitions of the rate law at some critical CO
pressure drawn by vertical dotted lines.

sure. The rate is limited by the CO collision frequency,
and the reaction probability of CO is close to unity.1)
Thus, the activation energy is zero. Above the opti-
mum, the surface is covered by O(a) and CO(a)<
O(a). When Pgo>Po, the rate is limited by the O,
adsorption; the decrease is attributed to the decrease
in oxygen coverage through the thermal desorption.lt)
When Pco<Po,, the rate begins to decrease at temper-
atures as high as 730 K, since the CO collision is rate-
limiting and the decrease in the surface oxygen near
full coverage does not cause any decrease in the CO,
production.®

Kinetic Behavior in Terms of Adsorbed Species. The
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Fig. 4. Variation of the rate of CO, production with
O, pressure at various temperatures under a fixed
CO pressure of 1.3x10-%Pa. The vertical dotted
lines show sharp jumps in the CO, production.
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Fig. 5. Flash desorption peaks of GO and CO, induced
by heating the substrate from a kinetic steady state
at 468K to a final temperature of 900K. The
steady state pressures (in pascals) of CO, O,, and
CO, for each pair of peaks are as follows in the
form (Psos Po,s Poo,)s (1) (4.8x1078, 1.7x1073,
1.3x10-%): (2) (3.7x10-%, 1.7x107°5, 3.7x107%).
Peaks are shifted with each other for easier viewing.

results shown in Figs. 2, 3, and 4 strongly suggest that
a change in the rate-limiting step occurs around the
critical CO pressure. At CO pressures below the crit-
ical value, CO(a) was not accumulated up to the
equilibrium level. This fact shows that the L-H process
plays a main role in eliminating CO(a) from the sur-
face under working conditions and contributes to the
CO, production. The rate-limiting step is the CO
collision with the oxygen-covered surface. Thus, the
reaction is first-order in CO and zero-order in O,.
On the other hand, above the critical CO pressure the
amount of CO(a) was almost equal to that observed
in the CO/Pt non-working system and O(a)< CO(a).1V)
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Fig. 6. CO adsorption isotherm determined by flash
desorption in the presence and absence of oxygen.
(O, O): without oxygen, (@, H): with 1.7x10-% Pa
of oxygen. The coverage was defined as the CO
peak area relative to the maximum area which was
obtained by flashing from room temperature. The
vertical dotted lines show CO transition pressures.

The rate is limited by the O, adsorption, which is
severely retarded by CO(a). Thus, the reaction should
be first-order in oxygen and negative-order in CO.
The magnitude of the negative order should increase
with an increase in the CO pressure and also with a
decrease in the temperature, as was actually observed.

CO Inhibition Region. The inhibition becomes
large as the temperature decreases, but not because the
heat of adsorption of CO is larger than that of oxygen,
since just the reverse is true.20-22,25,34,36-39) Rather, it
arises because the L-H process, which plays a role in
eliminating CO(a) from the surface, is slower than the
CO adsorption. The latter needs little activation en-
ergy, while at low temperatures the former requires a
significant activation energy.? At temperatures as
high as 550 K, where the L-H process is very fast, the
boundary of the CO inhibition region is determined by
the balance between the supply rates of oxygen and
carbon monoxide onto the surface. At lower temper-
atures it can be ascertained by a comparison of the
rate of the L-H process with the adsorption rate of CO.
Below, a simple model will be used in the estimation
of the boundary pressure. The four experimental situ-
ations involve different conditions with regard to the
temperature, the relative collision frequency, and the
rate of the L-H process. In the A(l) region the CO
collision rate is greater than the maximum oxygen
adsorption rate, while in the B(l) region the reverse
is true. At relatively low temperatures the B(1) region
is divided further into the A(2) and B(2) regions. In
the A(2) region the CO collision rate is greater than
the maximum rate of the L-H process, while in the B(2)
region the reverse is true. We assume first of all that
the reaction probability per CO collision is unity
provided a steady-state oxygen coverage exists.1)
Second, we take the sticking probability of O, at zero
coverage to be 0.36.)1) TFinally, we assume that the
variation in the sticking probability with the coverage
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Fig. 7. A model of the reaction structure of the CO
oxidation. At higher temperatures, the CO, produc-
tion rate should follow line(l) and then line(2), as a
function of CO pressure. At lower temperatures, the
rate is retarded by CO(a) above critical CO pressure
as shown by vertical dashed-dotted line(13) at rela-
tively high temperatures and vertical dotted lines
(9—12) at various lower temperatures. (1) CO
collision rate, (2): maximum O, adsorption rate,
(3)—(5): GO, production rates observed at 609, 527
and 468 K, (6), (7): CO adsorption isotherm observed
at 468 and 526 K, (8): oxygen coverage when
CO(a)K0O(a), (9)—(13): calculated boundary CO
pressures at 313, 362, 400, 468, and above 500K,
respectively. Open and closed symbols in the lower
panel show calculated coverages of O(a) and CO(a)
at temperatures shown above.

is given by the data in Fig. 1 previously reported in
Ref. 11.  The results analyzed are presented in Fig. 7.
For comparison with the experimental data, the rates
observed in the inhibition region at 609, 527, and
468 K are also shown in the figure. The vertical
position of the latter was shifted in such a way that
the maximum CO, production observed was at the
maximum O, adsorption rate calculated.

High Temperatures: The L-H process is very fast.
The boundary between A(1l) and B(l) occurs when
Pco/Po,=0.6. 1In the A(1) region the lifetime of O(a)
is very short and no steady-state concentration of O(a)
can accumulate. Kinetically, the adsorption of oxygen
is rate-limiting. The reaction is zero-order in CO at
temperatures where CO can not be adsorbed. At
lower temperatures, where CO can be adsorbed, the
CO, production drops when Pc¢o/Po,=0.6 and is nega-
tive-order in CO. In the B(1) region the rate at which
oxygen atoms appear on the surface exceeds the CO
collision rate. The reaction rate will be determined
by the CO collision frequency. Since the O, pressure
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is known, the O, sticking probability can be deter-
mined,!) and then the steady-state oxygen coverage
can be predicted. The coverage calculated is shown
as a function of the CO pressure in Fig. 7.

Low Temperatures: The rate of the L-H process is
not fast enough to eliminate enough CO(a) for it to
become negligible. The critical CO pressure should
appear at the boundary between A(2) and B(2). Most
of the CO(a) will be removed as CO, through the L-H
process whenever the O, pressure is significant.?’ An
upper boundary on the amount of CO(a) can be set
by assuming that all the CO, arises from the L-H
process and that the upper boundary is to be set by
the CO collision frequency. As the rate constant of
the L-H process has been deduced by Bonzel and
Burton,®) an upper boundary for the product, 04, X
0co)> can be calculated (0, is defined as the coverage).
The 0y(,)+000() sum can be estimated by using the
procedures outlined in the former section, assuming
that CO(a) influences the O, sticking probability in
the same way as does O(a). The calculated coverages
are shown in Fig. 7. After the two curves cross, the
amounts change sharply to zero for O(a) and infinite
for CO(a). Above that point the CO coverage must
be equal to that at equilibrium with gaseous CO.
Thus, the boundary CO pressure can be determined;
it is shown by vertical dotted lines at various temper-
atures. In the A(2) region the adsorption of oxygen
is still rate-limiting. Two adjacent empty sites are
necessary for the dissociative adsorption of oxygen, and
its rate is severely retarded as CO(a) increases. There-
fore, the CO, production undergoes a very sharp drop
in passing from the B(2) region to the A(2) region.

The sharp drop in the CO, production at 527 K
occurred at the CO pressure predicted in the high-
temperature region. The rate observed at 468 K, how-
ever, dropped at a GO pressure 30%, less than that
predicted. Generally, the criticalCO pressure predict-
ed at low temperatures is 30—409, higher than that
observed, as may be seen in Fig. 7. This discrepancy
may be due to inadequacies in representing the cover-
age dependence of the sticking probability of oxygen
as the same for O(a) and CO(a).

This work was supported in part by the Matsunaga
Science Foundation.
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