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Electromotive Forces and CO Oxidation on Platinum: 
Reply to Vayenas 

We appreciate an opportunity to respond 
to the comment of Vayenas (I) and to clar- 
ify our position on the interpretation of the 
electromotive force (emf) of solid electro- 
lyte concentration cells with Pt electrodes 
of the type 

Oz(Po2) + WPCO), 

Pt/stabilized ZrO,/Pt , O&,) , ( 1) 

during oxidation on the Pt electrode (an- 
ode). 

We reply to the remarks (1) in order. 
First, in the experimental results obtained 
by us (2, 3), the percentage conversion 
from CO to CO2 was not described. This 
was because the content of CO2 in the efflu- 
ent was near the detection limit of the infra- 
red gas cell and was thus not quantitatively 
determined under the most usually em- 
ployed conditions. However, the conver- 
sion could be estimated to be less than 10%. 

Such a low conversion can be thought to 
be due to several factors. Platinum elec- 
trodes were deposited by electron-beam 
evaporation. The surface area of such elec- 
trodes was about 1 cm2 and their thickness 
was typically 0.1 pm (2), both dimensions 
being smaller than those used by Vayenas 
et al. (4). Moreover, the reactor was not of 
CSTR type, but of the type where reactant 
gases were blown against the Pt electrode 
with a high linear velocity (1.7 m s-l) (2) in 
an attempt to avoid mass-transfer limita- 
tions . 

Therefore, the composition of the gas 
mixture near the Pt electrode could be con- 
sidered to be almost the same as that of the 
inlet gas mixture. However, when the reac- 
tion velocity is so high that the gas supply is 
a rate-determining step as in region I where 

PC- is low compared to Po2, the actual com- 
position of the gas mixture exposed to the 
Pt electrode may differ from that of the bulk 
gas phase. In this case, it is almost impos- 
sible to determine’ the former by any mea- 
surements. On the other hand, in region III 
where there are sufficient oxygen and CO 
with low oxidation rates (2), the conversion 
is negligibly small. 

The differential reactor in Ref. (2) con- 
tained a pellet of about 20 mg of 3 wt% Pt/ 
stabilized ZrOz powder with a diameter of 2 
cm (2). Its conversion was less than 20% 
determined using an infrared gas cell. This 
reactor was used only to correlate the sur- 
face temperature (AT) and CO2 content in 
the effluent (Cco2). 

We agree with Vayenas that we should 
not have used the terms activation energy 
and Arrhenius plots for the data including 
thermodynamic factors. However, we be- 
lieve that readers would not misunderstand 
the meaning here. 

We refer next to the comment on the 
mechanism of emf generation in cell (1) 
above during CO oxidation on a Pt elec- 
trode. We assumed in our papers (2, 3) that 
the activity of oxygen adsorbed on Pt was 
very similar to its surface concentration. 
However, this assumption might not be 
correct under some conditions, as Vayenas 
has pointed out. 

It can be shown from a general discus- 
sion that the emf of cell (1) during CO oxi- 
dation does not exhibit the activity of the 
adsorbd oxygen. Under steady-state condi- 
tions with PO2 much greater than PC0 (re- 
gion I), the oxygen activity on the surface, 
ao, should be 

Po2 2 afj 2 Po2 (es.) = Po2 - Pco, (2) 
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where PO;? (es.) is the equilibrium oxygen 
partial pressure. Therefore, the emf 
change, IA&I, when a very small amount of 
CO is added to the gas containing sufficient 
oxygen, can be calculated as 

RT PO2 
s 4Fln PO2 - &P(.o’ (3) 

The right-hand term is very small, being of 
the order of 0.1 mV (2). Therefore this does 
not explain the experimental result that 
IA&I = 100 mV (2). Thus it can be con- 
cluded that the emf during the reaction is 
not brought about by the activity of the sur- 
face oxygen. 

On the other hand, as Hetrick and Lo- 
gothetis (5) suggested, the electrochemical 
reaction 

CO, + 02-+ CO2 + u + 2e- (4) 

was taken into account to explain the emf 
behavior as well as the electrochemical re- 
action 

0, + 2e- * 02- + u. (5) 

Here, CO, and 0, represent oxygen and 
CO adsorbed on Pt during the reaction, and 
u is a vacant site on Pt. Reaction (5) was 
implicitly used in the previous paragraph. It 
was assumed that two electrons were in- 
volved in reaction (4) (3, 6). 

These two reactions (4) and (5) provide a 
mixed electrode potential. A proof for this 
is given in Ref. (7). There it was found that 
a local current flowing near the three-phase 
boundary (the region of contact where the 
electrode, electrolyte, and gas phase meet) 
in region I, increased more with increasing 
PCO at a given P% than with decreasing Po2 
in the absence of CO. This observation indi- 
cates that the two reactions (4) and (5) are 
operative. 

co, + o,-+co2 + 2a. (6) 

Although this is not an explicit charge 
transfer reaction and not a half-cell reac- 
tion, it is a mixed electrode cell reaction 
(like a corrosion) and a charge-transfer- 
controlled reaction. Therefore, the elec- 
trode potential during the reaction, i.e., the 
mixed electrode potential, can be deter- 
mined as described earlier. It should be re- 
called that two kinds of reaction take place 
simultaneously on the Rt electrode. One is a 
simple chemical oxidation and the other is a 
set of electrochemical reactions (4) and (5). 
It is assumed with some indirect evidence 
(2, 9) that the latter does not disturb the 
former, that is, the latter can be a probe 
reaction to determine adsorption states dur- 
ing the former. 

On the basis of these considerations, the Finally, the mechanism of oscillations is 
comments by Vayenas (I) will be exam- now still under investigation. We proposed 
ined. Even in region I, it was found from a mechanism in which the oscillations were 
emf measurement that surface CO was caused by a surface state where the ad- 

present but its amount was very small since 
it was not detected by infrared spectros- 
copy (2, 3). Therefore, in Fig. 10 of Ref. 
(3), Nco (surface CO concentration) was 
shown to be small but not zero. 

Etsell and Flengas (6) showed that the 
intrinsic exchange current density of reac- 
tion (4) was negligible compared with that 
of reaction (5). However, their observation 
should not be applied directly to ours, be- 
cause the temperatures used in their studies 
(700 to lOOK) were much higher than ours 
(250 to 410°C). In addition to that, in the 
same reference, reaction (4) was suggested 
and Bauerle (8) suggested the possibility of 
a slow electron transfer in reaction (5) at 
400-800°C with a high activation energy of 
2-2.5 eV, this value being consistent with 
our measured activation energy of 2.1 eV 
(Fig. 3 of Ref. (9)). Therefore, it is not in 
contlict with the results obtained by Etsell 
and Flengas (6) that both reactions (4) and 
(5) take place on a Pt electrode and produce 
a mixed electrode potential. 

The net reaction on the anode, the sum of 
reactions (4) and (5), is 
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sorbed CO became mobile (3, 9). On the 
other hand, Vayenas er al. (4, 10) sug- 
gested that they were caused by the surface 
oxidation-reduction mechanism including 
surface oxide. However, we obtained sev- 
eral different results (2) from those ob- 
tained by Vayenas et al. (4, 10) with regard 
to the relation between PCO and Po2 at the 
oscillation boundaries, dependence of the 
oscillation frequencies on the temperature 
and gaseous composition, and temperature 
range of the oscillations. Therefore, the 
mechanism for oscillations proposed by 
Vayenas et al. does not seem to hold good 
for CO oxidation on Pt. 
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