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Platinum catalyst thin films prepared by PtO, decomposition are tentatively characterized by the
transition between two stationary reaction states both at constant temperature and constant CO
partial pressure. It is demonstrated that at constant temperature, the measurements must be made
in the sense of decreasing CO concentration because of reactant diffusion and heat dissipation.
Following the model of R. Dagonnier, M. Dumont, and J. Nuyts (J. Catal. 66, 130 (1980)), a sum of
activation energies corresponding to the surface reaction and the dissociative oxygen adsorption
was determined. This sum of activation energies and the ordinate axis intercepts of the Arrhenius
plot presented are found to change with ageing of the samples.

INTRODUCTION

Carbon monoxide oxidation on platinum
has been studied in various experimental
conditions and it is rather clearly estab-
lished now that the reaction mechanism is
of Langmuir-Hinshelwood type (/-3). In
this condition, it has been demonstrated (4)
that a critical temperature (7) exists under
which the reaction cannot occur or a criti-
cal ratio [CO)/[O,] (denoted hereafter as
[CO)*) beyond which the reaction stops.
Thus the kinetic behavior at constant tem-
perature is the following: the reaction rate
rises with the [CO]/[O,] ratio in the gas
phase and falls abruptly when it reaches
this critical ratio (Fig. 1). On the other
hand, at constant [CO]/[O,], the reaction
rate remains near zero as long as the tem-
perature has not reached the critical value
Tc, at which it suddenly becomes very
high.

In the active region, the surface is oxy-
gen-covered; the oxygen coverage is close
to unity and the CO coverage near zero.
This fact was observed by Dauchot and
Van Cakenberghe (5) at atmospheric pres-
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sure and by Matsushima et al. (2) and Gol-
chet and White (3) at very low pressure.
The reverse situation, namely CO coverage
near unity and oxygen coverage near zero,
is obtained beyond the inhibition ratio (or
below the critical temperature). It should be
noted that at low pressure (2, 3) a reaction
with negative order in CO after the transi-
tion is observed. In our conditions (atmo-
spheric pressure and 300 K < T < 473 K)
the reaction rate is very low but can be ob-
served by working with very large surface
catalysts (Fig. 2).

In the model proposed by Dagonnier,
Dumont, and Nuyts (DDN) (4) the transi-
tion point (7¢ or [COJ*) is related to the
sum of the activation energies of the oxy-
gen adsorption and of the surface reaction
between adsorbed carbon monoxide and
oxygen.

The aim of our work has been to study
this critical point at atmospheric pressure
and between 30 and 160°C in order to char-
acterize the catalytic surfaces by seeing
how this sum of activation energies varies
as a function of different parameters, e.g.,
preparation and ageing.

The DDN model (4) is based on the fol-
lowing assumptions.
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1. CO and O, are adsorbed competitively
on the same sites.

2. The reaction rate can be described as
a function of the CO and oxygen coverages
(0, is adsorbed dissociatively).

3. The reaction proceeds only by an acti-
vated Langmuir-Hinshelwood (LH) mech-
anism between dissociatively adsorbed ox-
ygen and adsorbed carbon monoxide. The
CO, does not stay on the surface because of
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its low adsorption heat.

4. The adsorption of oxygen has second-
order kinetics on the free surface sites and
is activated, whereas the adsorption of car-
bon monoxide has first-order kinetics and is
not an activated process.

5. The reaction conditions are isother-
mal.

This model leads to the following expres-
sion for the critical temperature:

TC=

4P020'co

C’O’Oz . Ns - \/27rm02ch
In -2l

By + C”
0]
o Peo
m02 p02
Mco
EXPERIMENTAL

which may be written as

pcoy  C"+ B;
2n{—) = - —F—
pOz TC
C’O’o2 : Ns *V 27rm02kTC
+ In i
4po,0co’ 2
2 Mco

where C" and B} are, respectively, the acti-
vation energy of the surface reaction and of
the oxygen adsorption divided by the gas
constant R, and where C’ is the preex-
ponential factor of the surface reaction
(LH) rate constant. o,, 0co, Mo, and mco
are, respectively, the sticking coefficients
of oxygen and carbon monoxide (exponen-
tial factor excluded) and their molecular
weights; N is the number of sites per unit
of area, k is the Boltzman constant.

The validity of the assumptions leading
to these equations will be examined later in
the discussion.
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Fi1G. 1. CO, production versus CO partial pressure
in the reactant mixture at 135°C.

%CO

a. Sample Preparation

The samples are prepared as PtO, depos-
ited on oxidized silicon wafers (0.5 um of
Si0,) by dc reactive sputtering in an argon-
oxygen mixture (6). They are stored in this
form and decomposed to platinum just be-
fore the experiment. The platinum thick-
nesses are between 100 and 500 A.

The samples used are of two different
sizes. The first ones are squares of about 1
cm? and the second ones are small rectan-
gular pieces (dots) of 100 um X 2 mm size
(Fig. 3). The electrical contacts and the siz-
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FiG. 2. CO, production in the ““inhibited’’ region on
a large surface Pt thin film. The curve is obtained by
decreasing the CO concentration given by the opening
level of the needle valve.
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F1G. 3. Aspect of the small samples. (1) Platinum. (2)
Gold contacts.

ing of the small platinum dots are made by
photolithography.

b. Measurement Method

The critical point is obtained by detecting
the change of reaction rate or of coverage at
the transition.

The reaction rate is followed by measur-
ing the CO, production as detected by infra-
red absorption at 4.5 um. The oxygen flow
is fixed at 250 cm*min and the CO concen-
tration can be increased or decreased by a
needle valve slowly opened or closed elec-
trically which regulates the flow rate of a
mixture of CO (0.5%) in nitrogen. A poten-
tiometer placed on the axis of the valve
gives a voltage proportional to the opening
level and therefore a measure of the CO
concentration (after calibration by ir ab-
sorption at 4.7 um).

The coverage variations are detected by
following the resistance of the film on the
small platinum dots. Their resistivity varies
about 10% when the coverage inversion oc-
curs. This behavior can be interpreted by
different theoretical models for the conduc-
tivity of thin metallic films (7, 8) but in this
work this property is only used to detect
the coverage transition.

RESULTS
a. Constant-Temperature Measurements

In all the measurements, the total pres-
sure in the cell may be considered as equal
to the atmospheric pressure.

Both CO, production on a large sample (1
cm?) and electrical resistance representa-
tive of the coverage on a small sample (100
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um X 2 mm) are followed simultaneously
(the two samples are placed in the cell near
each other) as a function of increasing and
decreasing [COJ/[O,] ratio. The different
curves obtained at a particular temperature
are shown in Fig. 4 and Table I reproduces
the results for various temperatures.

The main fact to be noticed is that in the
sense of increasing [CO] the critical ratio
[COJ* is higher on the large sample (by in-
frared detection) than on the small one (by
resistance determination). In the sense of
decreasing [CO], the two determinations
are the same. It must be concluded that
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Fi1G. 4. Resistance and reaction rate versus CO par-
tial pressure. (a) and (b): Increasing [CO] sense. (c)
and (d): Decreasing [CO] sense.
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TABLE 1

Critical Ratio {CO]* Values for the Small (1) and the
Large (2) Samples when Increasing (a) and
Decreasing (b) CO Concentration

T [COI% (COla [COIi [COI%
0 (%) (%) (%) (%)
133 0.057 0.131 0.052 0.057
124 0.050 0.114 0.048 0.048
117 0.046 0.095 0.044 0.044

[COT* detected in the sense of increasing
[CO] depends not only on the catalyst na-
ture but also on geometrical factors. In the
sense of increasing [CO] the catalyst is very
active; the surface is heated by the reaction
itself and the reaction becomes mass trans-
fer limited. The temperature on the catalyst
being higher than the bath temperature and
[CO] near the surface being lower than in
the gas phase, the [COJ* is displaced to
larger values. These effects are greatly at-
tenuated on small samples where the CO
diffusion in the gas phase and heat dissipa-
tion have cylindrical symmetry and are
therefore more efficient than in a planar
symmetry as in the large sample. This inter-
pretation accounts for the fact that in the
sense of decreasing [CO], the [CO]J* values
determined on the two kinds of samples are
identical. Indeed in this case the reaction
before the transition is very slow and there
is no effect of temperature or diffusion.
Moreover, the lower the bath temperature,
the lower is the difference between the two
[COJ* values taken in the increasing [CO]
sense (Table 1).

The conclusion of this kind of experiment
is that the real [COJ]* defined by Egs. (1)
and (2) must be detected by decreasing
[CO] (for this reason, the recording of Fig.
2 was taken in a decreasing [CO] sense).
Thus it has been measured in a range of
temperature between 90 and 160°C. In this
experiment {CO] has been followed by in-
frared absorption at 4.7 um and the transi-
tion has been detected by the resistance
variation. In Fig. 5, In [COJ* is plotted ver-
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FiG. 5. Arrhenius plot of [CO]* determined at con-
stant temperature versus 1/T.

sus 1/T. From Eq. (2), a sum of activation
energies of about 16 kcal/mole is found. (It
must be noted that taking into account the
variation of p,, and VT¢ in the last term of
the right member of Eq. (2) does not modify
the general aspect of this Arrhenius plot).

Unfortunately, due to the large error in
the [COJ/[O,] infrared determination, this
measure is not accurate enough to charac-
terize a sample. Indeed, in order to have a
fast response time, we must use a small op-
tical path ir cell and at the low concentra-
tion which we have to measure, the relative
error on [COJ/[0O,] determined by ir is esti-
mated to be 10%. For this reason, the sec-
ond method of measurements we describe
below was developed.

However, the comparison between small
and larger samples when increasing or de-
creasing [COJ/[O,] proves the role of reac-
tant diffusion and surface temperature of
the sample. This is an important result for
the realization of the critical temperature
measurements.
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MA Pt

FiG. 6. Experimental setup for critical temperature
measurement. (1) Thermostabilized gold-plated
block; (2) Dewar vessel. (3) gas mixture arrival; (4)
resistance measurement circuit; (5) amplifier; (6) digi-
tal voltmeter; (7) flowmeter; (8) regulated valves; (9)
x-y recorder; (10) sample; (11) oxidized silicon; (12)
thermocouple; (13) thermoresistance; (14) heater; (15)
power supply; (16) thermal regulation.

b. Constant [CO)/[O,] Ratio
Measurements

In order to avoid errors due to the non-
uniformity of temperature it was decided to
work on very small samples. This was
made possible by detecting the transition on
the small resistances (Fig. 3). The experi-
mental setup is pictured in Fig. 6. Two
Brooks thermal flowmeters control the
[COY/[0,] ratio. The total flow rate is not
held constant but it was verified that a
change of a factor of two in this quantity
does not influence the measurements. The
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main parameter is then the ratio [CO)/[0O,].
By standardization we estimate the relative
error on this ratio to be less than 0.5%. The
sample is put on a heated gold-plated cop-
per block placed in a small Dewar vessel. In
order to have a good measurement of the
critical temperature, a thermocouple is
pasted with silver lake on an oxidized sili-
con chip identical to the sample substrate.
It has been preliminarily verified by putting
two thermocouples on two different chips
in the same conditions that the difference
between the sample temperature and the
value given by the thermocouple cannot be
more than 0.2°C.

The [COJ[O,] ratio is fixed at a value
where the reaction is inhibited. In these
conditions, no effect of temperature on dif-
fusion can influence the measurement. The
temperature is slowly increased (5°C/min).
At the transition the signal given by the re-
sistance triggers a digital voltmeter which
measures the voltage of the thermocouple
placed near the sample.

Resistance measurements are affected by
the platinum temperature but this variation
is linear with 7, while the change of resis-
tance at the transition is very abrupt and it
can be considered as an image of an abrupt
change of coverage: it is parallel to the
change of the platinum surface potential in
the same conditions (see, for instance, the
measurements in Ref. (5)).

The first observation was the change of
Tc provoked by repeated cycling of the
transition itself or by a period in oxygen
atmosphere, as shown in Fig. 7 where T¢ is
plotted as a function of the transition num-
ber undergone by the sample. It must be
noted that Fig. 7 illustrated just an example
of change of T versus the measurement
number. Indeed the change of T depends
on the time the sample spends in the active
phase after the transition has occurred,
which is not easily controllable.

A treatment in pure CO at 160°C during 1
h was found to restore the critical tempera-
ture value of the first transition. Thus we
have measured the critical temperature for
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FiG. 7. Critical temperature versus the measurement
number.

different [COJ/[O,] ratios with such a treat-
ment between each measurement.

In Fig. 8, In [COJ/[O,] is plotted versus 1/
T for two types of films which differ by
their thickness. For samples 1 and 2, the
first three points are observed to be on a
straight line. The following points draw an-
other straight line which crosses the first
one at finite temperature. The values of the
slopes and of the ordinate axis intercepts
determined by least squares are reproduced
in Table 2. From Eq. (2) it can be seen that
there is a compensation effect between the
change of the activation energy (C" + B}
coming from the slope and frequency fac-
tors contained in the ordinate axis inter-
cept. It must be remarked, as in the first

TABLE 2

Slopes and Ordinate Axis Intercepts Determined by
the Least Squares Method. The Numbers
Correspond to the Sequence of Measurements

Ordinate axis Slope (C5+ B3 xR
intercept (x 10%) (cal/mole) x 10*
+ Sample | (130 A)
1-2-3 2.0 -38 1.52
4-5-6-7-89-10 4.4 -5.0 2.00
+ Sample 2 (270 A)
1-2-3 0.3 -32 1.28
4-5-6-7-10-11- 0.6 -5.2 2.08
12-13-15-16
«Sample 3 (270 A)
2:3-5 1.4 -3.7 1.48
4-6-7-8-9 4.6 -4.9 1.96
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TABLE 3

Mean Crystallite Size in the Samples Determined by
the Variance Method (/8) after Annealing for 1 h (a)
and 24 h (b) at 160°C in Pure CO at Atmospheric

Pressure
Sample Mean crystallite Mean crystallite
sizea (a) size (b)
(A) (A)
1(130 A) 44 52
2270 A) 51 64

series of experiments, that the variation of
Tc contained in Eq. (2) does not affect sig-
nificantly the aspect of our graphs in our
range of measurement.

¢. X-Ray Line-Broadening Measurements

In thin films the main change with time
and experiment conditions should be re-
crystallization. Thus, X-ray line-broaden-
ing ((11Dreflection) analysis with the vari-
ance method (I8) has been made in order to
characterize the samples at the beginning
and at the end of the experiments. The sam-
ples used were prepared at the same time as
our small resistances. It has been found
that the twin fault and deformation fault
probabilities are very low. The line-broad-
ening is entirely due to a size effect.

The mean crystallite size is given in Ta-
ble 3 for two samples of different thickness
(130 and 270 A) after annealing in CO at
160°C for 1 h (corresponding to the begin-
ning of the experiment) and for 24 h (nearly
equivalent to the end of the measurements).
Even if these values are not absolute, their
different variations can be assumed to be
significant. The difference of crystallite size
between sample 1 and sample 2 (after the
annealing for 24 h) appears rather clearly on
the micrographs of Fig. 9.

DISCUSSION

The rise of T after each transition if no
CO treatment is made could be correlated
to the formation of ‘‘subsurface oxide’’ as
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described by numerous authors working on
single crystals in U.H.V. (/1-14). This ox-
ygen “‘dissolution’” would happen also dur-
ing the transition from CO to oxygen cover-
age and would be the first step in the
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FI1G. 8. Arrhenius plots of [CO)/[0,] versus 1/T for
(A) sample 1, (B) sample 2, (C) sample 3. There is 1 h
of CO treatment between each measurement, except
for points 10, 15, 16 of (B) (12 h in place of 1) and for
point 2 of (C) (taken after the reaction has oscillated
during 4 h and a standard CO treatment).

formation of a surface oxide and in turn the
cause of its stability, as demonstrated by
Salmeron et al. (14).

It could be argued that the temperature of
the ‘‘subsurface’’ and surface oxide forma-
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Fic. 9. Micrographs of (A) sample 1 and (B) sample 2 after an annealing of 24 h under CO at 160°C
(magnification: 360,000).

tion is found to be higher in the U.H.V.
experiments on single crystals than in our
conditions. However, Sales et al. (15) have
observed on polycrystalline platinum a real
oxidation in a range of temperature as low

as ours. On the other hand, Berry (16) has
seen on platinum wire resistivity variations
due to oxide formation between 350 and
500°C.

On the other hand, no obvious correla-



OXIDATION OF CARBON MONOXIDE ON THIN Pt FILMS

(s}
R(n) sample 4(3808) £ o104
p2]

|- 140 a

L 120

30 50 20 90
1,5 ] ! | 1e0)

F1G. 10. Resistance behavior during heating in mea-
surement mixture. Resistance jump due to the transi-
tion is observed at point a.

tion can be made between the mean crystal-
lite size determined by X-ray diffraction
and the characteristics of the straight lines
given in Table 2.

However, the change undergone by the
sample when the measurement is made at a
temperature higher than about 90°C could
be explained by a recrystallization. Indeed,
the observation of a drop of resistivity at
about 90°C, when a freshly decomposed
sample is heated in the measurement mix-
ture, supports this assertion (Fig. 10). Prob-
ably the crystallites implicated in this pro-
cess are too small to influence the size
measurement by X-ray diffraction and they
recrystallize very slowly in pure CO since
the sample is heated during 1 h at 160°C
before the first measurement.

The absolute value of the slope is ob-
served to be lower for the points taken at
temperatures lower than about 90°C: this is
at the beginning of the experiments (points
1, 2, 3 for the two first samples) or after a
series of measurements at high temperature
(points 8, 9, 14 of sample 2) for which it can
be assumed that there is a large enough por-
tion of small crystallites from where the re-
action can be initiated and propagated on
the rest of the surface (some measurements
seem to prove that the transition propa-
gates on the surface (9)). For T taken after
a series of measurements at high tempera-
ture (for instance, points 8, 9, 14 of sample
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2), it may be assumed that oxide islands
which are formed on the surface during the
transition when the surface becomes oxy-
gen covered are reduced during CO treat-
ment giving again smal] platinum crystal-
lites which recrystallize only very slowly
when they are in CO atmosphere. As a
proof, an annealing as long as 12 h under
CO is necessary to place points 10 and 15
(of sample 2) on the straight line of largest
slope. This behavior is to be compared with
the redispersion phenomena by oxidation—
reduction cycles of supported platinum cat-
alysts (10, 19, 20).

The main objection to our interpretation
is a theoretical one. Indeed, there is no di-
rect proof that our experimental conditions
are such that Eq. (1) is valid. So it is neces-
sary to consider again the DDN model (4)
in the case of the LH mechanism (and n =
2). It must be noted that the LH mechanism
is generally admitted to be predominant.
Thus, the stationary conditions can be ex-
pressed as

17).4
—L—it~=Bl(l—X—Y)—CXY=0
dY
E=B2(1—X—Y)”—CXY=0

with # = 2 in our case.

B,, B,, and C are the rate constants of,
respectively, the carbon monoxide adsorp-
tion, the dissociative oxygen adsorption,
and the surface reaction.

X and Y are the coverages in CO and
atomic oxygen. These equations give:

B, - B, \/ ___4BB; )

X =75, (‘ =NV~ &5, - By
_ 2

y=2 Bl(lt\/l—————4Ble 2)
35, C(B, - B

The condition leading to mixed adsorbates
is
4B\’B
1~ _‘2_2 = 0.
C(B, — B))
In the particular case of the transition (at T
= T¢)
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4B’B,
5 = L.
C(B, — B))
With the conditions
0=X=1
0=Y=1
the equation obtained is
ﬂ _ 1
B, /BB ’ B3-C"
: e( Tc ) (1 +2 \/23 e_(W)>
C
where
B! = OcoPco
: V 27TmcokTC
and
oo,D
B! [&/14%)

2= \% 27Tm02ch

1 is the activation energy of carbon
monoxide adsorption. It appears that the
value of B; calculated by the relationship
above and the value of C’ given in the liter-
ature (2, 25) are of the same order of mag-
nitude. Therefore, two limiting cases may
be considered.

, Bi-C"
(a) 2“%:2 %'e_(—ZTc)>1

(b)2\/;—2 I

The thermal equation of Ref. (4) and the
effects of diffusion of reactants need not be
considered as long as the system is in the
’inhibited’’ state (condition of our T mea-
surements). Moreover, surface potential
measurements have shown (5) that in the
reaction conditions, just after the transi-
tion, the surface has a potential near the
potential of the surface in pure oxygen.
Since CO does not influence the surface po-
tential, it must be concluded that the sur-
face is nearly fully covered even in condi-
tions of a very fast reaction. Therefore the

e_<8757;c€”) <1
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consumption of reactants is always slower
than their supply to the surface and it may
be assumed that the first approximation (a)
is applicable in our experimental condi-
tions, which validates Eq. (1) (B, > C).

CONCLUSION

We have studied the transition between
two stationary states of the carbon monox-
ide oxidation on platinum both at constant
temperature and constant concentration.

At constant temperature it has been
proved that the sense of variation of the CO
concentration is important for the determi-
nation of the critical ratio [CO)*. The mea-
surement depends on the sample geometry
because of the heat dissipation and the dif-
fusion of the reactants to the catalyst sur-
face. The only way to determine [COJ* at
constant temperature is thus in the decreas-
ing [CO] sense.

At constant concentration we have tried
to interpret the transition change (slope and
ordinate axis intercept of the Arrhenius
plot) as depending on the crystallographic
morphology of the sample and on the oxy-
gen dissolution in the sample. The dis-
solved oxygen can be removed by a CO
treatment of 1 h at 160°C. At the same time
oxide formed at the catalyst surface may be
reduced and give smaller platinum crystal-
lites.

The modulation of the transition by an
oxidation-reduction treatment is a possible
interpretation for the observed reaction os-
cillations in this system (5, 17, 21-23). In-
deed, the opposite sense of change of tran-
sition in oxidizing and reducing coverage
can be thought as the main cause of the
oscillatory behavior.

This assumption was already made by
Vayenas et al. (24) for the oscillating ethyl-
ene oxidation on platinum. However, the
thermal effect at the surface which was first
assumed (4, 5) and the diffusion of reac-
tants to the surface cannot be neglected, as
demonstrated here with experiments on
two samples of different geometry.



OXIDATION OF CARBON MONOXIDE ON THIN Pt FILMS

It could be argued that there is no direct
possibility of cross-checking our results.
However, we aimed in this paper to de-
scribe a rather easy and original method to
characterize thin film catalysts. Moreover,
the values found for C” + Bj are in agree-
ment with the value of C” and B3 given in
the literature (2, 25).

It has been impossible, with the type of
catalysts used, to control the change of the
crystallite size distribution. Indeed, every
transition can modify it. Measurements are
now being made on epitaxial thin films for
which it is possible to control crystallite
size.
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