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Relation between Surface Adsorption States and emf in a Solid
Electrolyte Concentration Cell during Carbon Monoxide Oxidation
on Platinum Studied by Local Current Measurement

The emf of solid electrolyte concentra-
tion cells with Pt electrodes of the type

Oy(Po,) + CO(Pco),
Pt/stabilized ZrO,/Pt, O,(Pg,), (1)

deviates significantly from that calculated
using the oxygen concentration cell equa-
tion or the Nernst equation at low tempera-
tures of about 600 K(/—6). This emf devia-
tion is brought about by imperfect catalytic
activity of the Pt electrode. Therefore, sur-
face adsorption states during the reaction
under steady states can be learned from
emf measurement with appropriate as-
sumptions. The importance of measuring
adsorption during surface catalysis has
been emphasized by Tamaru (7).

Two mechanisms for emf generation
have been proposed. One is that only oxy-
gen activity on Pt during the reaction deter-
mines emf, i.e., only oxygen is involved in
an electrochemical reaction (8-12). The
other is that both the oxygen and CO ad-
sorbed on Pt during the reaction generate
emf, i.e., both the surface oxygen and sur-
face CO are directly involved in electro-
chemical reactions (2-6). These two mech-
anisms lead to different interpretations of
the surface adsorption states. Therefore, in
order to determine the surface adsorption
states through emf measurement, the mech-
anism for emf generation must be estab-
lished.

This note establishes the mechanism for
emf generation from local current (iy) mea-
surement under the condition that Pcg is
very small with reference to Po,. The local
current is analogous to the corrosion cur-
rent in a solution system. If Pcq is zero, this

current is called the exchange current. 1t is
a local current anodically or cathodically
flowing near the three-phase-boundary (the
region of contact where the electrode, elec-
trolyte, and gas phase meet) on the anode,
namely the working electrode, at a rest
electrode potential.

The air electrode (air was used as a refer-
ence gas, i.e., Pp, = 20 kPa) was divided
into two parts, the reference electrode and
the counter electrode (1/3). The local cur-
rent was obtained potentiostatically using
the equation

ip = —(RTI2F) - dildE. 2

Here, di is the current observed when the
electrode potential is changed from the rest
electrode potential by a small amount dFE,
e.g., £5 mV, which is much less than RT/F.
Equation (2) is established for a single two-
electron reaction. If the reaction involves
other than 2 electrons, only the coefficient
in Eq. (2) changes. Since only relative i is
important in this note, this is not signifi-
cant. It can also be shown that Eq. (2) is
valid for a system where several electro-
chemical reactions take place, if these reac-
tions involve the same electron numbers
and their charge transfer coefficients are 0.5
(14). Resistance polarization can be ig-
nored (14).

To determine the Pqo effect on iy, iy was
measured as a function of P¢o with Po, = 10
kPa, at 636 K. The temperature change was
less than 0.2 K. The result was plotted
against the rest electrode potential, E,,, rel-
ative to the reference electrode potential.
This, together with the result obtained with
varied Po, in the absence of CO, is shown
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F1G. 1. Local current (i) in the presence and ab-
sence of CO. E,: electrode potential relative to the
reference electrode potential, (a) iy in the absence of
CO, (b) ip in the presence of a small amount of CO with
constant Py, temperature: 636 K.

in Fig. 1. With decreasing E, the differ-
ence between iy values in the presence and
absence of CO at the same electrode poten-
tial increased and the ratio of the former to
the latter reached 2 or 3.

On the basis of this result, the mecha-
nism for emf generation will be discussed
for a CO + O, nonequilibrium gas mixture.
First, we assume that the emf is determined
only by oxygen activity on the Pt electrode.
Since Wagner (8) has proposed application
of a solid electrolyte concentration cell to
the study of heterogeneous catalysis on the
basis of this assumption, several studies of
S0, oxidation on Pt (9), ethylene oxide oxi-
dation on Ag (10), and others (/1, 12) have
been conducted.

In this case, as the electrochemical reac-
tion near the three-phase-boundary does
not include adsorbed CO explicitly, the fol-
lowing reaction takes place (/3)

0,+ 2 =0 + 0. (3)

Here, O, denotes oxygen dissociatively
adsorbed on Pt, and o a vacant site on Pt.
Based on reaction (3), E, and i, can be de-
rived in the same way as described previ-
ously (/3) with the assumption that charge
transfer coefficients are 0.5:

En = (RT/2F) - In(ksNol/k_3N,), (4)
ip = (ksNg - k_3N,)°3. (5)

Here, k; and k_; are forward and backward
rate constants for reaction (3), and Ny and

NOTES

N, are surface oxygen and vacant site con-
centrations during CO oxidation.

If the electrode potential without CO is
the same as that with CO, the following re-
lation can be obtained from Eq. (4),

No/Ng = No/Ng, (6)

where the symbols with and without a
prime are those in the absence and pres-
ence of CO, respectively. From the fact
that i, is larger than iy, Eqs. (5) and (6) give

No > No, 7
N, > N. ®8)

It is almost physically impossible to con-
sider that these two inequalities are com-
patible with each other.

On the other hand, if the reaction

CO,+ 0 =CO,+a+2 (9

is taken into account as well as reaction (3),
E., and i, are derived by a similar method to
that described previously (13) with the fol-
lowing assumptions, as

E,, = (RT2F)
- In(ksNo/(k_3N, + ksNco))  (10)

(In

Here, k, is a forward rate constant for reac-
tion (9) and it is assumed that charge trans-
fer coefficients are 0.5 and the backward
reaction for reaction (9) is ignored, because
the standard reversible potential for reac-
tion (9) is much less than the potential un-
der consideration.

Using the same procedure as described
above, inequalities

ip = (ksNo * (k—3N, + koNco))™.

No > Nb,
Ny + (ko/k_3) - Nco > N/,

(12)
(13)

are obtained from the fact that i, is larger
than iy. It is physically possible for these
two inequalities to be compatible with each
other, provided ks is larger than k_;. There-
fore, it is concluded that the emf during CO
oxidation on Pt is generated by a mixed
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Fi1G. 2. Schematic illustration for the mechanism of
emf determination. E: electrode potential, i: current,
(3:0"+0—>0,+2,(3)0,+t2e =0 +0a,09):
CO,+07">CO,+to+20,(9):CO,+tot+2e —
CO, + 0%, Eg: the electrode potential determined by
reactions (3) and (3'), E,: the electrode potential de-
termined by reactions (3), (3'), and (9).

electrode potential brought about by two
electrochemical reactions, e.g. (3) and (9).

The above discussion is illustrated in Fig.
2. If the emf is determined only by oxygen
activity on the Pt electrode, the anodic and
cathodic currents due to reaction (3) are the
same except for sign, thus generating an
electrode potential at E, in the figure.
Therefore, i; is uniquely determined by the
electrode potential whether CO is present
or not, because j; is determined by Ng and
N,, which do not increase or decrease si-
multaneously. On the other hand, two elec-
trochemical reactions (3) and (9) give a
mixed electrode potential at E_, in the fig-
ure, at which potential the sum of anodic
currents due to reactions (3) and (9) equals
the cathodic current owing to reaction (3),
since the backward reaction for reaction (9)
can be ignored under the experimental con-
ditions. In this case, i, may change with a
given E,, according to the presence or ab-
sence of CO. This mechanism is consistent
with the results.

From the fact that i; in the presence of
CO was 2 or 3 times that in the absence of
CO, it is thought that N, increased during
CO oxidation, since i; is proportional to Ng
at a fixed electrode potential. This seems to
be inconsistent with the previously ob-
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served result (13) that under the experi-
mental conditions No was almost indepen-
dent of Po,. Moreover, this phenomenon
has not been explicitly described in the lit-
erature. However, Primet et al. (15) have
reported that when many cycles (O,, CO,
0,, . . ) or (CO, O,, CO, .. .) were per-
formed on supported Pt at room tempera-
ture, the intensity of the infrared absorption
band attributable to PtO(CO) greatly in-
creased. This phenomenon suggests that
the amount of oxygen adsorption was aided
by CO.

It is thus concluded that the emf of a solid
electrolyte concentration cell (1) is gener-
ated by a mixed electrode potential brought
about by two electrochemical reactions,
e.g. (3) and (9). It is also considered that the
amount of oxygen adsorbed on Pt increases
in the presence of CO. From the viewpoint
of this mechanism for emf generation, the
emf provides direct information as to both
the surface oxygen and CO concentrations
on Pt. However, these two concentrations
cannot be separated only by emf measure-
ment alone without any assumption about
the surface adsorption states (6). If local
current, as well as emf, are measured, these
two concentrations can be determined sep-
arately. A quantitative treatment is pre-
sented elsewhere in this journal (14).
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