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ABSTRACT

This paper investigates the electrochemical activity of nitrogen, NO, and NO; on platinum paste electrodes in zirconia
oxygen sensors. Open-circuit voltages and steady-state current-voltage characteristics were measured at 600°-800°C as a
function of the partial pressures of oxygen, nitrogen, and nitrogen oxides. The open-circuit voltage and the current den-
sity both increased monotonically with the NO and NO; pressures in the sensor feed stream; both were most sensitive to
the NO, concentration. These data are well described by a reaction network in which two parallel charge-transfer reactions
occur on platinum: oxygen reduction to oxygen dianions; and NO, reduction to NO and oxygen dianions. The electro-
chemical behavior is not consistent with a reaction network in which NO; and NO are reduced catalytically, nor is it con-
sistent with networks in which the oxides are completely reduced to nitrogen and oxygen dianions. These results indicate
that NO and NOQ, are electroactive on platinum. They also demonstrate that oxygen exchange cannot always be assumed
to be the dominant charge-transfer reaction in zirconia electrolytic cells.

Electrochemical oxygen sensors fabricated from ce-
ramic oxide electrolytes find application in the automotive
and steel making industries (1-3). The typical electrolyte in
these devices is calcia- or yitria-stabilized zirconia. This
oxygen dianion conductor has high chemical stability and
a wide electrolytic domain which make zirconia oxygen
sensors well suited for use in high temperature, reactive
environments (4).

A sensor is formed by depositing two thin, porous, me-
tallic films on opposite sides of a section of stabilized zirco-
nia. When the two electrodes are exposed to gas mixtures
with differing oxygen partial pressures, a potential differ-
ence develops between the electrodes. If the electrodes are
reversible to oxygen exchange

0; +4e” =220 [1]

the potential difference varies logarithmically with the
ratio of oxygen partial pressures at the two electrodes as
described by the Nernst equation

.
_EkT <p°zv‘> [2]

Po,,

in which T is the absolute temperature, R is the gas con-
stant, and F is the Faraday constant. When used to meas-
ure oxygen concentrations in unreactive mixtures, zirco-
nia oxygen sensors with noble metal electrodes typically
produce “nernstian” voltages at temperatures between
600° and 1000°C. Replacement of the noble metal elec-
trodes with an appropriate conductive metal oxide can
produce nernstian response at temperatures as low as
400°C (5). However, sensor response to reactive mixtures,
such as carbon monoxide-oxygen mixtures, can be highly
non-nernstian (6); deviations from expected thermody-
namic voltages greater than 1V are not unusual.

The source of this non-nernstian behavior has been a
matter of debate in the literature for several years. At the
heart of this discussion is uncertainty about the nature of
charge-transfer reactions in solid oxide electrolytic cells. A
common assumption is that the dominant charge-transfer
reaction is oxygen exchange. In the context of this as-
sumption, a non-nernstian response is produced when the
oxygen surface coverage is perturbed by catalytic reaction
with other reactive species. This reaction scheme is illus-
strated in Fig. 1b. If it is also assumed that equilibrium ex-
ists between adsorbed oxygen and oxygen ions, the elec-
trode potential is a measure of the oxygen surface activity,
which in principal can be related to the oxygen surface
coverage. These ideas form the basis of solid electrolyte
potentiometry, a technique which has been used to study
the mechanisms of a variety of catalytic oxidation reac-
tions (7-9).
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On the other hand, non-nernstian response can also be
produced by simultaneous charge-transfer reactions at the
electrode-electrolyte interface (3). This is illustrated in Fig.
la. When two or more charge-transfer reactions occur in
parallel, the partial currents of each reaction sum to pro-
duce the total current (10). This is shown schematically for
the case of two reactions in Fig. 2. The current-voltage
characteristic of the electrode, shown by the dashed line, is
the sum of the current-voltage characteristics of the indi-
vidual reactions. It is clear from this diagram that the
open-circuit voltage, labeled E,, in the figure, lies between
the thermodynamic potentials of the individual charge-
transfer reactions. This potential, which is commonly
called a mixed potential, can be considered a kinetic aver-
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Fig. 1. Electrode reaction networks in zirconia cells: 0% is an oxy-
gen dianion in the electrolyte; O{a), an oxygen adatom on the electrode
surface; O,(g), an oxygen molecule in the gas; R, a gas-phase reduced
species; RO, a gas-phase oxidized species; e-, an electron. (a) R and O
are oxidized in parallel charge-transfer reactions. (b) R oxidized cata-
lytically by electrochemically generated oxygen.
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Fig. 2. Current-voltage characteristic of an electrode at which two
parallel charge-transfer reactions occur. The solid and dashed lines
show the partial current densities of the individual charge-transfer re-
actions. The dotted line shows the apparent (measured) current-voltage
characteristic.

age of the thermodynamic potentials of the appropriate
charge-transfer reactions; if the rate of one charge-transfer
reaction dominates all others, E,, approaches the ther-
modynamic potential of that reaction. A parallel charge-
transfer reaction mechanism has been suggested to ex-
plain non-nernstian response to mixtures of carbon mon-
oxide and oxygen (6, 11, 12). Unfortunately, the results of
this latter study do not unambiguously demonstrate the
occurrence of parallel charge-transfer reactions (13). How-
ever, recent studies of sulfur dioxide oxidation suggest
that SO, is oxidized directly by oxygen dianions in parallel
with oxygen exchange on platinum electrodes (14).

Resolution of the question about the number and nature
of charge-transfer reactions in solid oxide electrolytic cells
is vital for the development of quantitative relationships
between composition and sensor response. Furthermore,
this question is of primary importance in evaluation of the
performance of these devices as electrosynthetic reactors.
Ideally, if one suspects that a species is electrochemically
active, one could study its activity by measuring current-
voltage characteristics in the absence of interfering elec-
troactive substances. Unfortunately, this is not possible in
solid oxide elecirolyte systems, because oxygen dianions
cannot be excluded from the system. For this reason, oxy-
gen exchange unavoidably contributes to the total current-
voltage characteristic, and it is impossible to study al-
ternate charge-transfer reactions independently.

The purpose of this work is to begin to address the ques-
tion of the dominance of oxygen exchange on noble metal
electrodes in solid oxide electrolytic cells. We set out with
two primary goals. The first'is to demonstrate that multiple
charge-transfer reactions do occur on these electrodes.
The second is to develop experimental methods for dis-
criminating between different charge-transfer and cata-
lytic reactions and quantifying their kinetics.

To this end, we have studied the steady-state electro-
chemical behavior of a platinum paste electrode exposed
to mixtures of oxygen, nitrogen, and nitrogen oxides at
600°-800°C. This system was chosen because of its rele-
vance to automotive oxygen sensors and electrochemical
reduction of nitrogen oxides. At the elevated temperatures
of this study, NO and NO, should be the only kinetically
stable oxides of nitrogen (15, 16). Thus, there are three pos-
sible charge-transfer reactions which may occur in parallel
with oxygen exchange: complete reduction of NO and NO;
to nitrogen and oxygen ions

NO + 2¢” =2 12N, + O (3]
NO, +de =2 1/2 N, + 2 0¥ [4]

and partial reduction of NO; to NO and oxygen ions
NO, + 2¢- 2 NO + 0*" [5]
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Qur results indicate that reaction [5] occurs in parallel with
oxygen exchange at rates large enough to produce signifi-
cantly non-nernstian open-circuit voltages. Reactions [3]
and [4] do not occur at measurable rates.

Theory

General considerations.—Charge-transfer reactions in
zirconia electrolytic cells generally involve three basic
steps: adsorption of gas-phase species onto the electrode
surface; transport of electroactive species to electrochemi-
cal reaction sites in the vicinity of the electrode-electrolyte
interface; and charge-transfer reaction at these active sites
(16). For example, oxygen exchange on platinum is be-
lieved to occur by dissociative adsorption of oxygen, diffu-
sion of adsorbed oxygen atoms into the interfacial region
between the electrode and the electrolyte, and exchange
between oxygen atoms and lattice oxygen ions (18, 19).
The current, therefore, depends directly on the electrode
potential and the surface concentration of oxygen adatoms
in the reaction zone. '

Addition of a second reactive compound can effect the
open and closed-circuit behavior of an electrode in two
ways. First, if the compound is electroactive, it will partici-
pate in a charge-transfer reaction which will increase or
decrease the net current produced at the electrode. When
no current flows, a mixed potential will be measured. Sec-
ond, if the additional component reacts or adsorbs com-
petitively with oxygen, its presence will alter the surface
concentration of oxygen, thereby altering the current. The
open-circuit voltage will adjust to reflect this change in the
oxygen concentration. In the most general situation, both
mechanisms occur simultaneously.

Because NO oxidation is a facile and reversible gas-
phase reaction at and above room temperature, NO and
NO, will coexist in a zirconia electrolytic cell under normal
operating conditions. For this reason, reduction of the ox-
ides may occur in parallel with oxygen exchange on a plat-
inum electrode. These reactions may be purely catalytic,
purely electrochemical, or both. Unfortunately, informa-
tion does not exist which rules out any of these possibili-
ties a priori.

There appears to be no direct method for determining
which reactions occur at significant rates and which occur
electrochemically or catalytically. For this reason, we have
prepared four models which represent idealizations of the
reaction network. Three of these models are parallel
charge-transfer models which assume that oxygen ex-
change occurs in parallel with one of reactions [3]{5].
These models assume further that the surface concentra-
tion of oxygen is unaffected by the presence of the nitro-
gen oxides. The fourth model is a catalytic model which
assumes that neither NO nor NO, is electroactive; all reac-
tions involving these species are purely catalytic. In this
model, it is assumed that the oxygen surface coverage is
perturbed by NO and/or NO,. We compare measured elec-
trode kinetics to model predictions and reject those mod-
els which fail to correlate the data. In this way, we can re-
duce the number of consistent electrode reaction
networks and ascertain the most important eléctrochemi-
cal reactions.

Parallel charge-transfer models.—If NO and NO, are
electroactive on platinum, they may participate in any or
all of reactions [3]{5]. For simplicity, we assume that only
one of these reactions occurs at a significant rate. Since we
do not know which reaction is dominant, we develop three
models for the current-voltage characteristic of the elec-
trode, one for each reaction. The model for reaction [5] is
described here; the remaining models are outlined in the
Appendix. We also assume that all species are in ad-
sorption equilibrium and at low coverage. This decouples
the surface coverages of all adsorbed species, making each
coverage a function of a single species partial pressure.

If reaction [5] occurs in parallel with oxygen exchange,
the total current density produced at the electrode is the
sum of the partial current density from oxygen exchange,
i0,, and the partial current density from partial reduction
of NO,, iyo,no- We develop below expressions for ig, and
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inogno in terms of electrode potential and gas-phase com-
position.

Oxygen exchange kinetics have been well studied on
platinum (18-21). The cathodic current is first order in dis-
sociatively adsorbed oxygen, and the anodic current is
first order in oxygen dianion concentration and vacant ad-
sorption sites. Anodic and cathodic transfer coefficients
are unity. At low and moderate current densities at which
mass-transfer effects are expected to be unimportant, the
current-voltage characteristic is well described by (18, 22)

. {V—=V°)F
1= kaC()eS exp (“'—R’TOL)
W - V°02)F>
~ kb Mol 6
oexp( "7 (6]

in which 85 and 84 are the surface coverages of free sites
and oxygen adatoms, respectively, k, and k. are anodic and
cathodic rate constants, Cg is the concentration of oxygen
ions in the electrolyte, and V°y, is the standard equilibrium
potential at unit oxygen fugacity. We assume that oxygen
is in dissociative-adsorption equilibrium and at low cover-
age. Under these conditions, 0g is unity and

0o = (Kopoy)'? [7]

where K is the oxygen desorption equilibrium constant.
Equations [6] and [7] can be combined to yield (22)

. . (V = Voo )F " (V= V% )F
ig, = k%, {€Xp Rt /)~ Bo, "€Xp | — T RrRT
{8]

in which k%, = (k.k.Ko'*Co)2. When measured relative to a
reversible oxygen electrode at 1 atm oxygen partial pres-
sure, Vo, = 0.

The mechanism of electrochemical reduction of NGO, to
NO is unknown. Both species adsorb associatively and dis-
sociatively on platinum (23, 24), and NO decomposition is
inhibited by oxygen (25). We assume, therefore, that both
species exist on the electrode surface and that the elemen-
tary charge-transfer reaction is a two-electron transfer in
which adsorbed NO; is reduced to adsorbed NO. We can
write this reaction scheme as

NO + S « NO(a) [9]
N02 +S e NOz(a) [10]
NOya) + 2¢~ & NO(a) + 0%~ [11]

where S is a vacant adsorption site and (a) designates an
adsorbed species. The charge-transfer rate should be well
described by a Butler-Volmer type expression

) aa(V — Vonoyno)F
INOyNO = k'.0n0Co exp (—a_ﬁi——

alV — VON02/NO)F) [12]

k' Bno, €Xp ( RT
where k', and k' are anodic and cathodic rate constants for
reaction [11], and 6y, and o, are the surface concentra-
tions of NO and NO,, respectively. Vnoyno is the standard
equilibrium potential for reaction {5] when NO and NO, are
at unit fugacity. Values of this potential, measured relative
to a reversible oxygen electrode on the same electrolyte
and at 1 atm oxygen partial pressure, can be calculated
from the standard free energy of reaction [5). Representa-
tive values are listed in Table I. The anodic and cathodic
transfer coefficients of reaction [11], o, and «, are unity, as-
suming symmetry coefficients of one-half (26). We also as-
sume that NO and NO, are in adsorption equilibrium at
low coverage

[13]
(14]

Ono = KnoPno

Ono, = Kno,Pros

J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY

May 1988

Table I. Standard equilibrium potentials for reactions [3]-[5]
Standard potentials (V)!

T(C) Venomog Venomy Vnogng
600 0.046 0.411 0.229
700 0.086 0.404 0.245
800 0.124 0.394 0.264

! Expressed relative to a reversible oxygen electrode at 1 atm.

where Kyo and Kyo, are the NO and NO; adsorption equi-
librium constants, respectively. Combination of Eq.
[12]{14] yields (22)

. 3 (V -~ Vno,mo)F
tnoyNo = K Noyno | Do €XP T Rr

(15]

(V ~ V°noymo)F )}
RT

— Pno, €XPp (‘

in which k°noyno = (k'ak’ CoKyoKnon)'?

Addition of Eq. [8]'and [15] yields an expression for the
total current density in terms of experimentally controlla-
ble variables (pyo, Proy Doy V), thermodynamic quantities
(V°0p V°noymo), and two unknown rate parameters (k°,
k°noymo). To test this model, one must first measure the
oxygen exchange rate constant from the current-voltage
behavior of the electrode when it is exposed to mixtures of
oxygen in an inert gas. A plot of the current density against
the dimensionless oxygen exchange partial current

density
, (VF> 2 < VF)
o, =exp|—1| — exp | ~—
0y p RT Po, ¢ RT

should be linear with slope k°,. Predetermination of k°,
allows calculation of ig, by Eq. [8] when the electrode is ex-
posed to mixtures of NO, NO,, and oxygen. This can be
subtracted from the measured total current to yield the
NO; reduction partial current. Thereore, if this model is
consistent with the data, a plot of (i - ic,) against the di-
mensionless NO; reduction current density

b ((V—VDNOZ/NO)F)
NOy/NO = Pno €XP RT

{16]

V-V F
( NOLNO) ) [17]

_ exp [ -
Pro, €Xp < RT
should be linear with slope k°yo,mo. If the model is incor-
rect, such a plot should fail to correlate the data.

The two remaining parallel charge-transfer models are
developed and tested in a similar fashion. Expressions for
the partial current densities and dimensionless current
densities of reactions (3] and [4] are derived in the Ap-
pendix,

Catalytic model.—If NO and NO, are not electroactive,
oxygen exchange should be the sole charge-transfer reac-
tion, and the total current density should be well de-
scribed by Eq. [8]. However, if the surface reactions of
NO and NO; perturb the oxygen coverage from its equilib-
rium value, Eq. [7] and [8] are not valid. Following the de-
velopment of Saltsburg and Vayenas (7), if it is assumed
that adsorbed oxygen and lattice oxygen ions are in local
equilibrium, the open-circuit potential of the working elec-
trode measured relative to a reversible oxygen reference
electrode at 1 atm should be described by modified form of
the Nernst equation

RT Qo
Vo= —In|—>-:
9F Kol

where ao is the activity of oxygen adatoms on the working
electrode. If adsorbed oxygen behaves as an ideal two-

(18]
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dimensional lattice gas, the surface oxygen activity is re-
lated to the surface coverage by (27)

6o
(1 - 00)

Equation [19] should be valid whether or not oxygen isin
adsorption equilibrium. When mass transfer of oxygen
atoms on the electrode surface is fast compared to their
rate of consumption or production, 8, is independent of
current density. If we assume 6 is small, Eq. [6], [18], and
[19] can be combined to yield the following expression for
the total current density

VF @2vee - V)F
i =k, {exp (ﬁ) - Ko exp (———)} [20]

(19]

ag =

RT

This model is easily tested by first measuring current-volt-
age characteristics at constant gas-phase composition. If
the model is consistent, a plot of (k°, exp (FV/RT) — 1)
against k°s, exp ((2V°*® — V)F/RT) should be linear with
slope Ko

Experimental

The zirconia cell was fabricated from a 30.5 cm long, 3.8
cm od, 3.2 em id 9 mole percent (/o) yttria-stabilized zir-
conia tube (Zircoa Corporation) with one open and one
closed end. The outside surface of the closed end was ma-
chined flat, polished, degreased with acetone, and rinsed
several times with distilled water.

Unfluxed platinum paste electrodes (Engelhard 6926)
were deposited using standard methods. Each electrode
was split into a working electrode and a smaller reference
electrode. Figure 3 is a schematic diagram of the cell show-
ing the placement of the electrodes.

The cell was inserted into a gas manifold fashioned out
of MACOR machinable ceramic (Corning Glass Company)

Cross Section

zirconia tube
working electrode

reference electrode

reference electrode

counter electrode
Top View

zirconia electrolyte

reference electrode

counter electrode

Bottom View

i\ working electrode

reference electrode

Fig. 3. Electrode placement in zirconia cell
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Fig. 4. Zirconia cell and housing

as shown in Fig. 4. A gas-tight seal was produced by com-
pression of an 0.051 em diam gold O-ring between the tube
and the manifold. The manifold was constructed fo pro-
vide a 5 cm?® reaction volume at the working electrode.
Three 0.32 cm od, 0.16 cm. id alumina tubes which were in-
serted through the bottom of the manifold and sealed into
place with high-temperature ceramic cement (Sauereisen
no. 29) acted as feed-throughs for gases, a thermocouple,
and electrical connections to the working electrode. The
tube-and-housing assembly was held together by two
stainless steel plates and four stainless steel draw bolts. A
combination of nuts and spring washers provided the
compression necessary for a leak-tight seal at elevated
temperatures. Stainless steel feed-throughs for oxygen
flow and electrical connections to the reference and coun-
terelectrodes were welded into the top plate.

The reactor assembly was placed in a tubular furnace
and connected to a flow system of standard design. Oxy-
gen, nitrogen, helium, and NO or NO, flow rates were con-
trolled and monitored with needle valves and rotameters.
Feed and product streams were analyzed with on-line Fou-
rier transform infrared spectroscopy; either stream could
be analyzed without flow interruption by adjustment of a
six-port valve.

Helium (99.995%), 20.4% oxygen, 10.0% nitrogen, 4.85%
NO, and 4.93% NO, certified standard mixtures in helium
(Liquid Carbonic Company) were used without additional
purification. The 20% oxygen-in-helium mixture was also
metered to the reference electrode compartment.

The electrochemical cell was controlled with a Princeton
Applied Research Model 173 potentiostat equipped with a
Model 276 plug-in current follower. The potential of the
working électrode was measured and controlled relative to
the reference electrode on the counter side of the cell.
Open-circuit voltages were monitored with a digital multi-
meter (Fluke Model 80504, input resistance 10 MQ).

The on-line infrared spectrometer allowed rapid analysis
of the NO and NO, concentrations in the product stream.
Unfortunately, the measured composition differed signi-
ficantly from that in the reactor due to the rapid homoge-
neous reaction between NO and oxygen in the IR gas cell
and lines of the flow system. Correction for this reaction
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was accomplished in one of two ways, depending on the
composition of the feed stream. When the feed mixture
contained NO, we assumed that equilibrium between NO
and NO; was attained in the reactor. This should be a rea-
sonable assumption because NO is the thermodynami-
cally favored oxide at the elevated temperatures of this
study, therefore the feed mixture was near equilibrium
when it entered the hot reactor. The NO and NO, concen-
trations in the reactor, therefore, were calculated from the
measured concentrations in the product stream and the
equilibrium constant for NO oxidation at the reactor tem-
perature. When the feed mixture contained NQ,, the resi-
dence time in the reactor was too short for equilibrium to
be attained. For these experiments, the kinetics of NO oxi-
dation at room temperature in the gas cell and lines of the
flow system were measured by diverting flow around the
reactor and measuring the difference between the feed
composition calculated from the rotameter settings and
the product composition measured with the FTIR. The ki-
netics were fit to a power-law expression which was subse-
quently used to calculate the NO and NO, concentrations
in the reactor from the measured concentrations in the
product stream. The oxygen and nitrogen concentrations
in the product streams were determined by mass balance.
We believe that these estimates of the reactant partial pres-
sures are accurate to within +10%.

In all experiments, NO or NO, were mixed with oxygen,
nitrogen, and helium to produce a feed stream flowing at
100 cm?® (STP)/min. At this flow rate, decomposition of the
nifrogen oxides was typically less than 10%, and the reac-
tor was therefore assumed to behave as a differential reac-
tor. In most experiments, the steady-state current was
measured as a function of gas-phase composition at a fixed
working electrode potential. Steady-state currents or
open-circuit voltages were typically attained within 30 min
of changing the potential or feed composition.

Results

Open-circuit measurements.—The reversibility of the
working electrode to oxygen exchange was investigated
by measuring its open-circuit potential in the absence of
NO and NO,. As shown by the filled symbols and solid line
in Fig. 5, the measured potential agreed with the ther-
modynamic potential for oxygen exchange, calculated
with Eq. [2], over the range of temperature and composi-
tion studied. In general, the measured potential was within
5 mV of the calculated potential.

Addition of NO or NO, to the feed initially had no effect
on the open-circuit potential. However, after intermittent
exposure to both species over several days, the potential
deviated significantly and consistently from the oxygen-
exchange potential. This is illustrated by the open symbols
in Fig. 5 which show the open-circuit potential of an elec-
trode which was in service for several weeks. The circles
show the variation of the potential with oxygen partial
pressure when 0.01 atm (1 atm = 0.101 MPa) of NO was in
the feed; the squares show the same measurements when
0.01 atm of NO, was in the feed. Similar results were ob-

-1 —— —
® no oxides
O NO
—21 QN0 E
— Nernst Eqn. —
o
-3 /
= a
5 I
= -4
f
<+
5L

0.010 0.100

po?(atm)

Fig. 5. Dependence of open-circuit potential of working electrode at
800°C on axygen partial pressure in the cell. Filled circles: no nitrogen
oxides in feed. Open circles: 0.01 atm NO in feed. Open squares: 0.01
atm NO; in feed.
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i x 10% (A/cm®)

Fig. 6. Oxygen-exchange kinetics. Lines are best fits of Eq. [9]

served when a second source of NO was used, indicating
that the deviation in the potential was produced by NO
and NO, and not by an unidentified impurity.

The measured potential always was more positive than
the thermodynamic potential for oxygen exchange and
less negative than that for NO; reduction to NO. This be-
havior would be expected if both charge-transfer reactions
occurred in parallel, as described by the first parallel
charge-transfer model. However, the thermodynamic po-
tentials for reduction of NO, and NO to nitrogen were
more positive than that for partial reduction of NO,, there-
fore the open-circuit measurements are not sufficient to
rule out the other parallel charge-transfer models.

Closed-circuit measurements.—The rate constant for ox-
ygen exchange was determined by measuring the cur-
rent-voltage behavior of the electrode in the absence of NO
and NO;. These measurements were conducted at over-
potentials between +60 mV to minimize variations in oxy-
gen surface coverage due to slow mass transfer. The mea-
surements are summarized in Fig. 6, which shows plots of
the current density against the dimensionless oxygen-
exchange current density, i'q,. The linearity of the plots at
all temperatures indicates that Eq. [8] accurately repre-
sents oxygen exchange kinetics in the absence of other
catalytically or electrochemically active species.

The slopes of the lines in Fig. 6 equal the overall oxygen
exchange rate constant, k°,. An Arrhenius plot of In (k°,)
vs. inverse temperature is shown by the open circles in Fig.
7. Clearly, the plot is nonlinear at high temperatures. The
reason for this nonlinearity is not clear. However, we did
observe that the activity of the electrode for oxygen ex-
change varied with time, particularly at higher tempera-
tures. The curvature of this plot may reflect these changes
in electrode activity. The lower temperature rate constants
are reasonably collinear; their slope yields an apparent ac-
tivation energy of 126 kJ/mol. This compares favorably
with the value of 128 kJ/mol measured by Mason and co-
workers (28).

-1

1074, : ,
\D\-— }

k° (A/cmg)
=
7

10 L o 1
O kg \o\
U X°Noz/No
10*5 | S L .
0.9 1.0 1.1 1.2

(1/7) x 103 (kY

Fig. 7. Temperature dependence of k%, and k°womo
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Fig. 8. Dependence of current-density on NO partial pressure in feed
at 800°C. Lines are drawn to guide the eye.

Addition of NO and NO, to the feed also effected the
closed-circuit performance of aged platinum electrodes
significantly. To characterize this effect, the current den-
sity at fixed potential was measured at 800°C as a function
of gas-phase composition. These measurements were
made at NO, partial pressures (in the reactor) between 1.1
x 1075 and 2.1 x 107% atm and NO partial pressures be-
tween 9.1 x 107¢ and 4.5 x 1072 atm. Once again, the elec-
trode was polarized to no more than =60 mV to minimize
the effects of mass transfer on the electrode kinetics. Rep-
resentative results are shown in Fig. 8, which shows the
variation of the current with feed NO concentration at two
different potentials. The plot shows that the current in-
creases monotonically with NO, concentration.

All of the closed-circuit data collected at 800°C were plot-
ted according to the kinetic models developed earlier in an
effort to better understand how the nitrogen oxides partic-
ipate in the electrode reaction network. In Fig. 9A, for ex-
ample, the closed-circuit results are plotted according to
the first parallel charge-transfer model which assumes that
NO, is reduced electrochemically to NO. Using the value
of k°o, measured at 800°C, the oxygen-exchange current
density, io,, was calculated from the electrode potential
and oxygen partial pressure with Eq. [8]. This partial cur-
rent density was subtracted from the measured current
density, and the difference was plotted against the dimen-
sionless current density for NO, reduction to NO, calcu-
lated with Eq. [17]. Within experimental scatter, the data
fall onto a single curve which is linear at low and moderate
values of i'yoymo-

In Fig. 9B and 9C, the same data are plotted according to
the remaining two parallel charge-transfer models.
Clearly, no correlation is apparent in either plot. Thus,
these kinetic models fail to describe the observed current-
voltage behavior, indicating that electrochemical reduc-
tion of NO, and NO to nitrogen does not occur at signifi-
cant rates.

The data are also plotted according to the catalytic
model in Fig. 10. Plots of (k°, exp (FV/RT) — 1) vs. kK°q, €Xp
((2V°° — V)F/RT) were prepared from current-voltage char-
acteristics measured at the same gas-phase composition.
Once again, no correlation is apparent, indicating that the
catalytic model is also inconsistent with the observed elec-
trode behavior.

Similar behavior was observed at lower temperatures.
Accordingly, the closed-circuit data was reduced accord-
ing to the first parallel charge-transfer model, and the re-
sults are plotted in Fig. 11. At the lower temperatures, the
plots are linear, in agreement with the prediction of this ki-
netic model; the slopes of these lines should equal the rate
constant for reduction of NO; to NO, k°xono, Values of
these rate constants estimated from the low —i'yomo,
slopes are plotted as open squares in Arrhenius fashion in
Fig. 7. The rate constants are collinear within experimental
uncertainty and yield an apparent activation energy of 71
kJ/mol.

Discussion

Of the four kinetic models developed in this study, only
one describes the observed current-voltage behavior of a
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Fig. 9. Tests of parallel charge-transfer models. (A) bartial reduction
of NO, to NO; (B) reduction of NO; (C) complete reduction of NO,.

platinum electrode exposed to mixtures of nitrogen oxides
and oxygen in an acceptable fashion. The remaining mod-
els are clearly inconsistent with experimental measure-
ments. These results strongly suggest that NO, is reduced
electrochemically at the platinum-zirconia interface to NO
and oxygen dianions. This reaction occurs in parallel with
oxygen exchange, and the two charge-transfer reactions
occur at comparable rates. Complete reduction of either
oxide to nifrogen and oxygen ions apparently does not
occur at a measurable rate. While it is likely that NO and
NO, also decompose catalytically on platinum, this reac-
tion does not occur at a large enough rate to perturb the
open-circuit potential or current-voltage characteristic of
the electrode. This is consistent with the observation that
oxygen reversibly poisons the platinum surface toward
NO decomposition (24).

Further support for these conclusions is found in the
variation of the open-circuit potential with gas-phase com-
position. If partial reduction of NO, and oxygen exchange
are the dominant charge-transfer reactions on platinum,
one can calculate the mixed potential at open circuit by
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equating the oxygen exchange and NO, reduction partial
currents, Eq. [8] and [15], and solving for the potential. We
compare measured open-circuit potentials to mixed poten-
tials calculated at the same conditions in Fig. 12. Over the
entire range of gas-phase composition and temperature
studied, the calculated potential agrees with the measured
potential within experimental uncertainty.

These conclusions are also consistent with a model pro-
posed for the decomposition of nitric oxide in a zirconia
electrolytic cell (29, 30). At low cathodic overpotentials,
NO was assumed to decompose catalytically to nitrogen
and oxygen adatoms; this rate was enhanced by electro-
chemically “pumping” chemisorbed oxygen from the cat-
alytic surface. Our work indicates that NO reduction does
not occur at a significant rate via a charge-transfer reac-
tion; therefore its decomposition must occur primarily by
a catalytic mechanism. This implies that NO decom-
position should not be strongly potential dependent in this
low overpotential regime, as theé reaction becomes limited
by a potential-independent catalytic surface reaction. This
behavior was observed experimentally by Huggins et al.
(29).

Our work also indicates that nitrogen is not electroactive
on platinum. This is not particularly surprising, as nitro-
gen is not dissociatively adsorbed on platinum, and the
coverage of associatively adsorbed nitrogen should be ex-
tremely small at the temperatures and pressures investi-
gated (31). Nitrogen, therefore, should not interfere with
zirconia oxygen sensor response. This also implies that ni-
trogen cannot be oxidized electrochemically on platinum.
It is interesting to speculate whether this conclusion
would change if the electrode were capable of disso-
ciatively adsorbing nitrogen. We are currently studying
electrode materials with demonstrated ability to adsorb ni-
trogen dissociatively.

The electroactivity of NO and NO, seriously complicates
the use of zirconia oxygen sensors to monitor the composi-
tion of combustion gases and related gas mixtures. Be-
cause the open-circuit voltage is a mixed potential, the
sensor signal is not a simple function of oxygen concentra-
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Fig. 11. NO; reduction kinetics. Lines are best fits of Eq. [17]
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tion. Indeed, any given voltage does not necessarily cor-
respond to a unique gas-phase composition, but rather to a
variety of mixtures of NO, NO,, and oxygen. Furthermore,
the absolute sensor response is likely to be a strong func-
tion of the composition and morphology of the working
electrode, both of which effect the relative activity of the
electrode for the two charge-transfer reactions. Evidence
is building in the literature of other species which are elec-
troactive on platinum in zirconia electrolytic cells (11, 14),
and this suggests that these devices will be of limited util-
ity for quantitative measurement of oxygen concentra-
tions in all but the simplest gas mixtures.

Finally, this work demonstirates the importance of
studying the closed-circuit behavior of an electrode in
identifying the dominant charge-transfer and catalytic
processes in an electrode reaction network. Open-circuit
measurements are not generally sufficient to discriminate
between different networks. Rather, one must vary the
electrode potential over a large enough range to change
the rates of the various charge-transfer reaction signifi-
cantly. For example, under the conditions of this study,
the cathodic terms of Eq.[15], [A5], and [A11] dominate the
partial current densities at potentials near the open-circuit
potential. For this reason, the partial currents for NO, re-
duction to NO and N, are both proportional to pyo, at open
circuit, and one cannot distinguish between the two reac-
tions. One must polarize the cell to potentials at which the
anodic terms in these partial currents become significant
in order to discriminate between them. The observations
of this work suggest that these simple steady-state mea-
surements are a useful probe of the dominant charge-
transfer processes occurring in solid oxide electrochemi-
cal systems.
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V¢ open-circuit potential

« transfer coefficient
Subscripts

a anodic

c cathodic

N atomic nitrogen

N, molecular nitrogen

NO, nitrogen dioxide

NO nitric oxide

0O, molecular oxygen or oxygen exchange
O atomic oxygen

S free sites

NO/N, reaction [3]

NOy/N, reaction [4]

NOyNO reaction {5]

APPENDIX

NO reduction to nitrogen and oxygen ions.—We assume
that NO is reduced to nitrogen and oxygen dianions by the
following reaction network

NO + S 2 NO(a) [Al1]
N, + 28 = 2N(a) [A2]
NO(a) + 2¢” = N(a) + 02" [A3]

The rate of the charge-transfer reaction should be well de-
scribed by a Butler-Volmer equation which is first order in
adsorbed NO and nitrogen atoms

(V-ve F
inom, = K'aColy eXp <——R;O/N2 )

V- V°N0/N2)F ) [A4]

RT

It is assumed in this expression that the symmetry coeffi-
cient is 1/2, therefore the anodic and cathodic transfer coef-
ficients are both unity. We assume that nitrogen and NO
are in adsorption equilibrium and at low coverage and fol-
low the same procedure used to derive Eq. [8] to yield the
following expression for the rate of reaction NO reduction
in terms of measurable quantities

. . " (V — V°nomy)F
INOINOy = k°Nom, § P, €XD —RT—_—

— k' bno exp (“

- V°NO/N2)F>} [A5]

RT

where V°yon, is the standard potential and k°wom, is the
overall rate constant for NO reduction to nitrogen. 'fhe cor-
responding dimensionless current density is expressed by

., " V - V°xnomw,)F
1 NomNg = PNy €XP ———RT—

— Pno €Xp (‘

V-ve F
( NO/N3) ) [A6]

— proexp | —
NO ( RT
NO, reduction to nitrogen and oxygen tons.—In an analo-

gous fashion, we assume that NO, is reduced to nitrogen

and oxygen dianions by the following mechanism

NO, + S = NOy(a) [AT]
N, + 28 22 2N(a) [A8]
NO,(a) + 4¢- = Nta) + 2 0" [A9]

Reaction [A9] represents the overall charge-transfer reac-
tion; we assume that this four-electron transfer occurs by a
series of steps whose overall rate can be characterized by a
Butler-Volmer type expression which is first order in ad-
sorbed nitrogen, NO,, and oxygen ions with transfer coef-
ficients of unity

V-V F
inom, = k'aCoby exp (—‘——R;%/NZ) )

[A10]

V- VONOZINZ)F>
RT

— k' Bno, €XPp (—
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Again, we assume that all gas-phase species are in ad-
sorption equilibrium and at low coverages. Following the
procedure used to derive Eq. [11], we can express this par-
tial current in terms of measurable quantities
. R " (V — Vnogn,)F
INOyN, = K°Noym, {pNz ~exp ~ rT

v-ve F
NO/N) ) (AL1]

~ Do, exp | —
NOg ( RT
where VONOz/Nz is the standard equilibrium potential and
k°noym, is the overall rate constant for NO, reduction to ni-
trogen. The corresponding dimensionless current density
is
i _ 12 exp <(V B VoNOz/Nz)F)
NOg/Ny = PNy RT

V- V°N02/N2)F>

BT [A12]

— Pno, €XP (*
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