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Carbon monoxide oxidation has been studied in a large range of pressures (from 5 x 10m3 to 100 
Torr) over thin polycrystalline and epitaxial (100) platinum films. The transition between two 
stationary states characterizing this reaction has been detected by using a Kelvin probe. On 
polycrystalline films, the study is considerably limited by recrystallization but the epitaxial films are 
very stable. Some results indicate that the catalyst surface is contaminated in some conditions. 
Nevertheless, kinetic parameters are tentatively calculated and are found to be in good agreement 
with the literature values. Q 1986 Academic Press. Inc. 

1. INTRODUCTION 

Carbon monoxide oxidation over plati- 
num is of great interest in the fundamental 
study of surface reactions. This reaction 
presents a transition between two station- 
ary states. The critical temperature, which 
is defined as the transition temperature, has 
been measured at atmospheric pressure on 
polycrystalline platinum thin films. It ap- 
pears that measurement of the critical tem- 
perature is a very sensitive method for 
characterization of the catalyst (I). 

We examine here the transition in a large 
range of pressures (from 5 X 10m3 to 100 
Tot-r) not only on polycrystalline films but 
also on epitaxial Pt( 100) films. 

Due to the lower surface/volume ratio of 
the well-oriented films, it was no longer 
possible to use an electrical resistance mea- 
surement for detecting the transition. In- 
stead, measurement of the surface potential 
by the Kelvin method was chosen. Indeed, 
it was shown earlier (2) that the transition 
between the two stationary states is accom- 
panied by a large surface potential variation 
which may be explained by a dramatic 
change of CO and oxygen coverage (3). 

i IRSIA specialization fellowship. 

2. EXPERIMENTAL 

The work function change is measured 
using the vibrating capacitor built by Delta- 
Phi Elektronik, Jtilich. The experiments are 
performed in a turbomolecular pumped 
high vacuum (HV) system. As in our pre- 
vious work (I), all the measurements are 
made in dynamic conditions. The catalyst 
surface is very small (5 mm X 5 mm) com- 
pared to the reactor volume, the pumping 
rate is very high, and all the gas in the reac- 
tor cell is renewed in less than 10 sec. 
Therefore the conversion factor remains 
low. The carbon monoxide and oxygen 
flows are regulated by a couple of flowme- 
ters (Brooks thermal flowmeters) and are 
introduced at atmospheric pressure into the 
core of a leak-valve by which the pressure 
in the reactor cell is fixed with good accu- 
racy. The gas flow in excess passes through 
another flowmeter which allows us to check 
that the total flow is always in surplus. 

The sample is fixed on a thermostabilized 
gold-plated copper block. The position of 
the probe can be adjusted over the speci- 
men (Fig. 1). The pressure is measured by a 
Balzers H.P. gauge (from 5 X lop3 to 2 X 
10-l Torr) or by a membrane gauge (100 
Ton-). Instead of measuring the critical tem- 
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FIG. 1. Experimental setup: 1, thermostabilized 
gold-plated copper block; 2, thermocouple; 3, sample; 
4, sample holder; 5, Kelvin probe; 6, Kelvin probe 
support; 7, Balzers H.P. ionization gauge; 8, mem- 
brane gauge; 9, gas inlet via a leak valve; 10, electrical 
feedthroughs; 11, to the turbomolecular pump. 

perature as before (Z), we have measured 
the critical carbon monoxide concentration 
by decreasing progressively the CO con- 
centration and following on a recorder the 
change of contact potential difference be- 
tween the sample and the gold-plated Kel- 
vin probe. The transition is detected from 
the inhibited to the active phase in order 
that the transition is not affected by reac- 
tion heat dissipation and carbon monoxide 
diffusion [these two points were discussed 
in the previous paper (I)]. The temperature 
is measured by a thermocouple pressed 
against the copper block. 

Versus Temperature 

On epitaxial Pt(100)jlm. In Fig. 2a, the 
logarithm of the critical [CO]/[O,] ratio is 
plotted versus l/T. Due to the small range 
of temperatures and the imprecision of the 
measurements, a straight line fit is used. 
This does not prove necessarily that the law 
is linear. 

The straight lines differ with the total 
pressure. The slopes and the ordinate axis 
intercepts are reproduced in Table 1 and 
plotted versus the logarithm of the total 
pressure in Figs. 3a and 3b. 

Between all the measurements, the sam- 
ples are heated in pure CO at the tempera- 
ture and the pressure of the preceding tran- 
sition. 

The epitaxial Pt(lOO) films are synthe- 
sized on LiF(lOO) in ultrahigh vacuum 
(UHV) conditions following an experimen- 
tal procedure which is described later. The 
polycrystalline Pt films are prepared by 
PtOz decomposition (I). 

On polycrystalline Pt films. This type of 
sample is prepared as PtO, deposited on ox- 
idized silicon wafers by d.c. reactive sput- 
tering in an oxygen-argon mixture. They 
are stored in this form and decomposed to 
platinum just before the experiments (1). 

3. RESULTS 

The results are reproduced in Fig. 2b. It 
must be noted that this type of platinum 
film undergoes a large alteration during the 
measurements despite the intermediate 
treatment described above. The main cause 
of this behavior is probably recrystalliza- 
tion (1). 

On the two types of platinum thin films At lower pressures than 5 x 10e2 Torr, 
(decomposed PtO, or epitaxial Pt( loo)), the the results are quite incoherent. 

critical [CO]/[O,] ratio is greater than at at- 
mospheric pressure. This is in good agree- 
ment with the results obtained in UHV. 
(4, 5). 

On the other hand, on the epitaxial sam- 
ples, a temperature limit below which the 
transition can no longer be detected by the 
Kelvin probe has been observed. This tem- 
perature limit rises as the total pressure de- 
creases. 

Another point to be noted is an important 
change of the contact potential difference 
appearing in the inhibited phase as soon as 
a very low oxygen partial pressure is intro- 
duced in the reactor cell. It cannot be con- 
fused with the transition, this latter being 
detected at a lower [CO]/[O,] ratio and fol- 
lowed by oscillations. 

Study of the Critical CO Concentration 
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FIG. 2. “Arrhenius” plot of the critical [CO]/[O,] ratios determined at constant temperature versus 
l/T (a) on epitaxial Pt(lO0) film and (b) on polycrystalline Pt film. 

TABLE 1 

Kinetic Parameters Calculated at the Transition from Experimental Results 
Obtained on Epitaxial Pt(100) Film and from Equations (12) to (IS), with Ns = 

5 X lOI sites/m* 

Total pressure Ha x R X &I& flcd~oz” B21C U&‘” 
Vod (kcal/mole) 

5 x IO-’ 1 0.21 0.58 3.97 0.13 3.13 x 10-I’ 
2 0.16 0.67 1.77 0.06 9.49 x 10-l’ 
4 b b b b b 

5 x 10-r 1 0.34 0.32 3.50 1.09 1.46 x IO-” 
2 0.31 0.38 1.51 0.68 6.62 x IO-” 
4 0.22 0.56 0.31 0.15 8.02 x 10-10 

2 x 10-l I 0.39 0.21 2.60 3.45 1.03 x lo-” 
2 0.38 0.25 1.11 2.35 5.22 x lo-” 
4 0.32 0.37 0.22 0.75 9.14 x 10-10 

100 I 0.48 0.04 1.05 130 4.09 x 10-u 
2 0.48 0.05 0.44 90 2.30 x lo-‘* 
4 0.46 0,07 0.08 39 6.51 x 10-l’ 

4 For these calculated values the mean working temperature and the mean 
critical p&p% ratio have been considered. 

b No physical value. 
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a platinum surface before being dissociated 
and reacting with carbon monoxide. More- 
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0 ‘\\ mote the formation of atomic oxygen. 
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6. Arrhenius Plot Interpretation 

b When considering the model of Dagon- 
nier et al. (DDN) (7), it can be seen that the 
critical point [critical ratio [CO]/[O,] at con- 
stant temperature or critical temperature at 
constant [CO]/[O,] ratio is defined from the 
expression of carbon monoxide and atomic 
oxygen coverages (noted X and Y, respec- 
tively. When neglecting the Eley-Rideal 
contribution (CO,,, + Oads + COz) and the 
CO desorption (CO,d, * CO&, Eqs. (14a) 
and (14b) of Ref. (7) are written as 

dX 
- = &(I -x - y) - CXY 
dt (1) 

dY 
-& = &(I - x - y)” - CXY 

with 12 = 2 in our case, (2) 
1 

:\ 
Ln Ptol(in &ml where Bi, &, and C are, respectively, the 

5 -10 rate constant of carbon monoxide adsorp- 
FIG. 3. (a) Figs. 2a (0) and 2b (0) ordinate axis tion, the dissociative oxygen adsorption, 

intercepts plotted versus the logarithm of the total 
pressure. (b) Figs. 2a (0) and 2b (0) slopes plotted 

and the surface reaction. The thermal equa- 

versus the logarithm of the total pressure. tion of Ref. (7) is not considered. 
The steady states are reached when 

4. DISCUSSION dX 
-&=O and dy = 0 

dt ’ (3) 
a. Change of Surface Potential at Oxygen 

Introduction which gives 

The important change of contact poten- 
tial when a low partial pressure of oxygen is XorY==i(v) 

introduced in the reactor cell could be ex- 
plained by a preadsorption of oxygen. In 
his kinetic study, Winterbottom (6) showed 
that molecular oxygen interacts with the 
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where Br, Bz, and C are expressed as 

BI = B; exp(- BY/T) 

with B; = ~COPCO 

Nsd2nmcokT 

B2 = BS exp( - B;/T) 

with B$ = 
2flo2Po2 

N&&i&@ 

C = C’ exp(-V/T), 

where rnco and mo2 are the molecular 
weights of each gas. Ns is defined as the 
number of active sites per unit area, CTC~ 
and oo2 are the sticking coefficients (expo- 
nential factor excluded), and k is the Boltz- 
mann constant. C’, BY, B! are the activa- 
tion energies divided by the ideal gas 
constant R. The adsorbate is mixed when 
the solutions of Eq. (4) are real. Therefore, 
the critical point is obtained for a null dis- 
criminant: 

d&/c 
l- B2 

( 1 l2 
=o 

-- 
Bl 

or BI/B2 = (1 + 2a)-’ (6) 

and at this point 

X = Y = t(1 - B,/B2). (7) 

Two limiting cases may be regarded. 
They appear as two distinct zones in Fig. 4 
where the rate constant ratio B2/C has been 
plotted versus the adsorption rate constant 
ratio BIIB2 at the transition. 

The first case (zone A) where the rate 
constant of oxygen supply to the surface is 
greater than the surface reaction rate con- 
stant (B2 9 C’) corresponds to the kinetic 
limited regime. The critical point is then de- 
fined by 

B,IBz = (2mQ-‘, (8) 

which is obtained by neglecting 1 in Eq. (6) 
(the minus sign is excluded since BI/B2 must 
be positive). 

By taking the natural logarithm and 

Log @2/C) 
6 I\ A 
6 

FIG. 4. Logarithm of the rate constant ratio &/C 
plotted versus the logarithm of the rate constant ratio 
B,/& at the transition. 

equating the different terms, it follows that 
[it is considered that B;’ = 0 (3, 9)] 

2 l"Pco _ -BZ + c 
PO2 T 

or 

p2co 
% 2 

+ * (10) 

We have checked this latter relationship 
with our measurements in Figs. 5 and 6 (in 
Fig. 5, the *dependence is not taken into 
account and in Fig. 6 it is). Obviously the 
conditions leading to Eq. (10) are not ful- 
filled at low pressure. However, the aspect 
of Figs. 3a and 3b indicates that they belong 
to the high pressure regime as was assumed 
in our previous paper (I), since the slope 
and the ordinate axis intercept tend to the 
value obtained at atmospheric pressure as 
the total pressure increases. 

Zone B of Fig. 4 corresponds to the diffu- 
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FIG. 5. Plot of the critical In p&,lpo2 determined on 
epitaxial Pt(100) film versus l/T. 

sion limited regime: the rate constant of ox- 
ygen supply to the surface is lower than the 
surface reaction rate constant (82 < C). If 
we put this condition in the coverage ex- 
pression [Eq. (6)], it appears that the dis- 
criminant is zero for B,/Bz nearly equal to 1 
and that the surface becomes bare at the 
transition. This could be correlated with the 
fact that the transition disappears at low 
pressure. However, it does not account for 
the temperature limit observed. Indeed the 
explicit Eq. (6) gives 

4 1 -= 
B2 2a0, PO2 I/2 . 

(11) 
1+2 

( 1 N&‘d2rrmo,kT 

exp - ( 
Bi’ - C” 

‘2T 1 

Since B1 - C” is negative (3), a rise of tem- 
perature would also provoke a rise of (BJ 

Bz) and in turn a smaller coverage at the 
transition. Therefore, it must be accepted 
that the surface is covered by an impurity 
coming from the residual atmosphere and 
this latter must be desorbed in order to 
make possible the adsorption of the react- 
ing gases and in turn the detection of the 
transition. This hypothesis accounts well 
for the rising of the temperature limit when 
the pressure decreases. Indeed, the lower 
the working pressure, the larger the ratio 
between the partial pressure of the reacting 
gases. Measurements at lower residual 
pressure in a UHV vessel (residual pres- 
sure lo3 lower) are planned. 

c. Curve Parameter Calculations 

Following the discussion above, it can be 
considered that in our working conditions, 
the system obeys an intermediate case 

21.0 

19.0 

17.0 

15.0 

l/Tw0-3K-~1 - 

FIG. 6. Plot of the critical In p&l(p@fi) deter- 
mined on epitaxial Pt( 100) film versus l/T. 
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(zone C of Fig. 4). A direct estimation of 
the activation energies is then impossible. 

Some of the Eq. (1) parameters can be 
approximated by proceeding as follows: 
when considering Eq. (6) and deriving In 
@2/C) as a function of In (&/&), it gives 

dln (B&J -1 -1 
d In (BJBJ = 7 = ? 

= 1 - ;-*/82). (12) 
Now deriving In (B&T) and In (BJBJ as 

functions of l/T and neglecting the V?, 
uco, oo2, and C’ change with the tempera- 
ture, we obtain 

(13) 
d *n cB2/o = c” _ B” 

d(*Ki 2 

d In (BJB2) = d In (PCO~OZ) + B,, 
4*/T) dWT) 2. (14) 

Due to the narrow range of temperatures 
where the study is made, d ln(pcolPo2)ld(ll 
2”) can be approximated to the slope of our 
experimental curves (Fig. 2a) which is de- 
noted as A(p). 

Finally, approximating the derivative of 
Eq. (12) to the ratio of the derivatives of 
Eqs. (13) and (14) gives 

C” - fl; 1 
A(p) + Bf; = 

-- 
X (15) 

Assuming that the case B2 % C is realized 
at atmospheric pressure (I), the C” + B;’ 
value is extrapolated from Fig. 3b. Postu- 
lating some values of BP, the quantities ~co/ 
uo2, B2/C, and ao,/C’ are calculated (see 
Table 1). 

These calculated parameters do not 
change considerably as a function of the 
chosen B$T values and are in good agreement 
with the values found by Sales et al. (9) 
despite the fact that this curve parameter 
calculation is based upon some assump- 
tions: the invariance of C’, ‘+oZ1 and -co 
versus the total pressure and the Invariance 
of the activation energies versus the surface 
coverage. 

One of the main objections which can be 
made is the fact that CO desorption has 
been neglected. However, it is generally as- 
sumed that below 550”K, CO desorption 
has no appreciable effect (9). In such condi- 
tions, the model used here is quite similar 
to that of Turner et ~1. ( 1 I). In this work the 
R x (C” + Bi) value (17 kcal/mole) is very 
near our extrapolated one (16.2 kcaYmole). 

In the work of Herz and Marin (IO), 
diffusional effects are considered but they 
can be neglected here since the transition is 
detected from the inhibited phase to the ac- 
tive one (I). The only difference between 
the Herz and Marin models and the DDN 
model (7) is the coverage function appear- 
ing in Eq. (2). This latter becomes 

dY 
dt= B2 (1 - X((ll12; - 2Y)* - CXY 

(16) 

according to model I of Ref. (10) and 

g=B2(l -X$1’:: -29 

(1 - 2Y) - CXY (17) 

according to model II of Ref. ( 10). 
The coverage function of atomic oxygen 

in these equations accounts for a maximum 
oxygen coverage of 0.5 suggested by some 
studies (22-14) but that does not necessar- 
ily account for the adsorption rate of oxy- 
gen at lower oxygen coverage. The simpler 
function (1 - X - Y)2 can also be good and 
has the advantage of giving an analytical 
relationship between the critical point and 
the activation energies. Anyway at the tran- 
sition, the coverages do not exceed 0.5 and 
moreover the critical ratios pdpo2 given 
by Herz and Marin are in good agreement 
with ours. It proves that the choice of more 
complicated coverage functions adds no 
relevant effects. 

5. CONCLUSIONS 

We have studied the transition between 
two stationary states of carbon monoxide 
oxidation on platinum in a large range of 
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pressures. Two types of platinum films 
have been used, namely, polycrystalline Pt 
deposited on oxidized silicon wafers and 
epitaxial Pt( 100) evaporated on LiF (100). 
The transition has been detected by using a 
Kelvin probe. 

The critical [CO]/[O,] ratio correspond- 
ing to the transition has been found to be 
greater than at atmospheric pressure (I). 
This is in good agreement with the results 
obtained in UHV (4, 5). 

On polycrystalline Pt films, our study 
was considerably limited by the fact that 
this type of sample recrystallizes during the 
measurements. This is not the case for epi- 
taxial Pt films. 

The logarithm of the critical [CO]/[OJ ra- 
tio has been plotted versus l/T for the dif- 
ferent working pressures. Using the DDN 
model (7) some kinetic parameters have 
been calculated and are found to be in good 
agreement with the literature. 

Some results suggest that the catalyst 
surface may be contaminated by an impu- 
rity present in the residual atmosphere. 
Measurements in a UHV vessel are 
planned in order to avoid this problem. 
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