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OXYGEN TRANSFER KINETICS BETWEEN Ga- GaZO3 ELECTRODES

AND THE SOLID ELECTROLYTE CALCIA—STABILIZED ZIRCONIA

* S
L. F. Donaghey and Raymond Pong

Inorganic Materials Research Division of the
Lawrence Berkeley Laboratory and the.
Department of Chemical Engineering of the
.University of California, Berkeley
'~ Berkeley, California 94720

Abstract

The kinetics of oxygen transfer between Ga- G3203 composite electrodes
and the solld electrolyte calcia- stablllzed zirconia, Zr0 (CaO),were studied

with the symmetric, galvanic cell,

/

W/ Ga—_GaZO3 / Ca

0.15%%0.8501 .85 / Ga-Ga 05 / W,

_over the température.range.from 800 to 900°C. Chronopotentiometric sfudies
were conducted using current densities from 0.3 to 130 uA/cm2 to obtain
overpotentialsvfofifaradaic éxidation and reduction reactionsEat the

Ga- baZO3 / ZrQZ(CaO) interface. A linear dependence‘of thev?verpotential

on current density was obtained, corresponding to a local‘eléctrode resistance
of 3.8 ohm per cm2 of electrode—elecprolyte interfa;e at-SOO;C. Thg data is
in agreement with a solution-diffusion mechanism of oxygen transport through

liquid Ga in the electrode between the ZrOz(CaO) electrolyte and

.Gazos particles.

* .
Electrochemical Society, Active Member
TElectrochemical chiéty, Student Member
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Introduction

Solid electroiytes have become important in'recent,years for use in
thermodynamic and kinetic studies with solid state electrochemical cells
(1-4) and more recently, ihxfuel célls and other power sburces (5-11)."
Major areas of concern in kinetics and power source applications of solid elec;
trplytes are the structure of the solid electrolyte-electrode interface and the
electrochemical, rate—controliing process for ionic'tianSport across this
interface (12). Considerable theoretical and experimental work has been reported
concerning space chargé polarization in liquid and solid systems where it is
well established that static concentration gradients of ionic species and
diffuse, charged double-layers play an important roll. (13-17). Most previous
investigations of electrode processes in solid systems have been limited to
single-phase electrodes (18) in asymmetric cells containing both non—poiarizable
and polarizable electrodes (19). 1In this paper studies of oxygen tranéfer
between the two-phase, iiquid metal-metal oxide electrode Ga(l)- 63203’ and the
solid electrolyte ZrOz(CaO) in a symmetfic solid state galvénic cell are
reported. —

Oxygen transfer kinetics at interfaces between two;phase électrodes
and solid eledtrolyteé is important in many elecérochemical applications.
Metal-metal ogide mixtures are the most commonly used reference electrodes
in thermodynamic studies with solid state galvanic cells (3), where electrode
polarization is undesirable. Kinetic studies with such cells require oxygen
transfer fbr coulombic titration experiments (20), for measuremegts of oxygen
diffusion in liquid and solid metals (1, 3), and for phase boundary reaction

rate determinations (21). Nevertheless, oxygen transfer kinetics from
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oxygen transfer kiﬁetics from metal-metal bxide‘électfodés to solidv
electrolytes hés,receivéd rq}atively»little study. .Steélé (22) studied
the reversibility,of several such electrodes. Recen#ly; Worrell and Iskoe
(23) measured steady-stafe overpotentigls for oxygen trahsfergfrom
Cu—Cuzo; Fe-FeQ and Ni-NiO electrodes to calcia stabilizéd zirconia (52),'
" three of the most'commonly émployed reference electrode-electrolyte
combinations used‘in solid-sfate e1ectroch(nniCai cell studies.

The Ga-Ga203 electrode has been important as a reference for,gallium
actiQity in thermodynamic studies employinngrO(CaQZ) solid state
electrochemical cells'(24,‘25); Seybolt (24) used this.métal-metal‘y
oxide electrode in é studybof Ga activities in ihé-Ni-Ga system.
Klinedinst et al.‘(255 gtudied the Ga dqtivities in the In-Ga system
with this electrode. Applicétions of this electrodeﬁin thermodyﬁémic '
.studies of III-V compound alloys is currently_uﬁder Study by the present
authoré. The»G.a-.‘GYaZO3 électrode is representative.of liquid metal-metal
oxiae electrodes which are of prgctica% importance for providing stable
reference activities in galvanic cells, and an understaﬁding of oxygén»
transfef kinetics in this system should prdvide.a basi§rfor empl&ying‘

7
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Experimental
Materials

. -Gallium metal* of 99.9999% purity and_Ga203 powder - (-325 mesh) of
99.99% purity for coexistence electrodes and the ZrOz(CaO)'eleétrolyteTT
were obtained from commercial sources. High purity, recrystallizedvAIZOS

was used in the remaining componeﬁtslbf the cell assembly. An inert purge

gas manifold was.constructéd of stainless steel throughout with KEL-F
sealed,'béllqws.valveg. Viton and rubber O—rihgs wefeiemployed in seals between -

steel and ceramic components.

AEEaratus

- The experimental cell configuratidn is 'shown schematically in Fig. 1.

A closed-end, 0.64 cm diameter Zr02(15 mol‘%_CaO) solid electrolyte tube
separated one electrode‘contained within it from a second Ga-63203ﬁé1ectrode

éupported on Gazos pOwder‘within a 1,5 ém I.D. alumina crucible. This
assemblvaas'contéined in a cldsed—énd aluming.reactionvtube which»was 
sealed at the fog by. gﬁ O-ring seal contained ;n a water-cooled staihlegs
steel cap;' The cap contained two additional O-ring Seéls.through which the
electrolyte tﬁbe, a thermocouple protectioh tube and a purge gas inlet

tube passed. péth of these tubes were also sealed;atthehftopsvby O-ring clo--
sures to a purge gas manifoid. The tube assembly was positioned in a

Kanthal A-1 alloy resistance furnace whose temperature was regulated by a

triac-controlled, integrating proportional controller. ‘The cell temperature

*Cominco Co., ?eattle, Wash.
+Alfa Inorganic.

Y’Hiirconium Corp. of Amefica,'Solon, Ohio.
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\w;s held‘constanth(10.5°C) at the electrode essembly:byiajcontrol thermocouple
placed outside.the alumine reaction.tube. Convection in the liouid gallium

was prevented by,méintaining a vertical thermal gradientrof 6;3°C/cm over

the electrode assembly -Electrical interference.from current transients

_in the furnace winding was prevented by enca51ng the reaction tube in an
electrically‘grounded'stainless steel tube ‘to shield the electrode circuit
'from induced potentials. |

/ The electrical circuit and purge gas menifold_are shown schemetically:
‘in Fig. 2. The emf of a chromel-alumel thermocouple used to'measure the cell
temperature was determined with a Leeds and Northrup K—S'poteutiometric
(facility. The tungsten wlre contacts to the Ga-G3203 electrodes were passed
through De Khotlnsky cement and glass seals to 1sothermal copper” connectors, then:
to coax1a1 cables Cell currents were produced‘wlth an Electronics Measureﬁents,
Model C636 constant currentlpower supply (G, Fig. 2).v.The ohmic component

. of the voltage response to current changes was measured with a dual beam
1Tektron1c type RM35A osc1lloscope w1th a high speed type G d1fferent1a1

input preamp11f1er plug in (A F1g. 2). The cell emf was measured with a
Keithley 610C electrometer (E, Fig. 2) having a sensitiuity of +0.02 mV and

an offset current of 5 X 10714

v

Procedure

Following assembly, the cell was well purged with’ flou1ng argon. Both
electrode compartments were leak tight, as checked w1th a He leak detector
The initially 99.998% pure Ar was. purified by passing it through a Centorr
gas-purification furnace cohtainiug Ti chips heated-to 806°C. After.thorough :

. purging,’the cell temperature'was raised to the -operating temperature at

75°C/hr to minimize thermal stress on the ZrOé(CaO)electronte. The cell was

‘ R o s : | ‘,,‘: f



equibrafed‘overnight~at the_werklng tempefatﬁre tq,anneal the-electro&es and .
_telallow a'cheek on eelﬂ em} stability. Dering ﬁeasuremeﬁte both electrode
combartments were sealed off from the gas manlfolé to prevent emf errors

from gas flow sources. i | , | |

Experimentsiwere conducted with censtant cufrent‘densify pulses between

v'0!3 and 130uA/em2.i The‘open-cell volfage was measured'affer equilibration
and before current'was applied. Tﬁe-ohmie veltage was measu;ed from the
abrupt chaﬁge'in oseillescopevtrace oceerring when the’curéent fo the_eell
was applied.o;ltermiaated. Follehiﬁg the onset of each pulse the cell voltage'
Qas monitered intermittently for a period of 10-20 minutes during which the
'curreﬁt was applied, followed by intermittent voltage measarements with no
current for anvaddltienal 10-30 minute period, during which equilibrium
}wasiestablished. After alliexperiments were eompleted the cell temperature
was lowered:at 70°C/hr under flowing Ar. The cell Waslthen dismantledﬂ

fer inspectlon of the electredes and electfede-eleetrolY£e interface to

insure that the clectrode remained two-phase during the experiments, and

that wetting of the electrolyte by liquid gallium had dCCurred.

Results

Chronopoteniometric studies were carried out with the cell,

W/Ga Ga203 / Zr Ca / Ga

0.85“%0.15%.85 Ga,05 /W. [I]

(68 8

i
Wagner (1) has shown that the cell emf is a function of the oxygen partial

pressure at the two electrode-electrolyte interfaces,

ané

150

emf = IF - t.ond gnP., P > pOJ o (1)
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where'tioﬁ'is the'ionic_transference number-. Thus; for the symmetric cell
[1] at equilibrium, the cell emf should be zero. In practice, however, a

small emf, V_ can arise from small differences in temperature, composition

0
or ambience between the two eiectfbdes. When a current déhsity i is.passed
through fhe cell; én oxygen ion flux of magﬁitude i/2 flows in the opposite .
difegtion for which an ohmic voltage component Lpi appears across the
electrolyte of thickﬁess L and resistivity p. In addition a local over-

potential n appears at each of the two electrode-electrolyte interfaces

which, for small oxygen partial pressure gradients, are

_ RT ! te o
= zn(PO /P ) ,, (2a)
2 2 o
n" - _Rl on pu /P"e -1 3 . (2b)
4F 02 02_. | | |
e ne . . ) : .
where PO_ and P0 are the oxygen partial pressures far from the electrolyte
2 2. - ‘

in electrodes 1 and 2, respectively. Thus, the cell voltage measured during
current'flbw_is

V=Vy+mn +n + Lpi _ - (3)
. ] "
The total, steady-state overpotential n, =n +n is.a function of current
density whose magnitude depends on the oxygen transfer kinetic mechanism.
The magnitude ofrk(i), and thus information on this mechanism is readily
deduced from V(i) mea5urements and independent determinations of VO’ L and p..

The cell voltage response to a long galvanostatié pulse is shown

schematically in Fig. 3a. The experimentally measured‘voltages'during,

and following a pﬁlse of 56uA/cm2 are shown in Figs. 3b and 3c, respectively.
The data is plotted as a function of the square root of the incremental.
time following the current change to show the parabolié time dependence

i
of the voltage transients.
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The total‘steadYéstaté overpoténtial~h£ wa$'cé1cu1atédxfor each
chronopotenfibmetric expefiment fromAthé magnitude»of fhé‘galvanostatic
Voltagé transignt (V3 - VZ, in Fig.‘Sa)L‘ The dependence.of n. on current
density passed.throﬁgh'the cell at 800°C is shown in Fig; 4. _Measurements
" at current densities well above IOQuA/cm2 were hindered by the'failurg of
the 6verpoteﬁtial to reach steady stafé in a‘convenient pefiod of timéz. On
the other hand,.measured‘overpotentials below "V25uV wéré inverror becadse of
thé finite hoise level in the measurement circuit. Avlinear-dépgndencé of

n, on i was obsérved which, at 800°C, had a sldpe of 7.6 * 2 ohm per cn?

t

of electrode-eleétrolyte_interface{ Measurements of steady-state overpoten- -
tials at 900°C also showed a linear depéndence of n, on i with a SIQpé
of 4 * 2 ohms pervcmZHof interface.

Discussion

Oxygen Transfer Mechanisms

During paséage.of current between electrodes;-charge-éarryiné oxygen
ions are transferred across thé'solid electrolyte. Gallium oxidation‘occurs
at the_pbsitive cellleleétrode and oxide reduction, at‘ihe-negative electrode.

Several mechanisms for oxygen transfer between tﬁe electrodes operate
in parallel, aﬁa these are summarized in Fig. 5. Oxygen flowing from the
solid elecfroiyte into liquid gallium supersaturates fhe metal aftef
charge transfer. In the solution-diffusion meéhanism (I) the dissqlved
oxygen diffuses_across a narrow liquid layer to an oxide surface'wheré
oxidation is assumed to take place. The oxide can fofm on the solid
electrolyte if a hucleatioﬁ and growth mechanism (II) is operative. Alter-
nately, the dissolVed oxygen can édsorb onto and diffuse along the éolid

: {
electrolyte-liquid metal interface (III) to an oxide grain contacting the
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electroiyte;. At‘point;‘ofzthreé_phaSe éontéct a‘metal;OXidejeieCtrolyte
reaction mechaﬁism'(IV) cén opefate with§ut diffusidn.'_

Oxygen trénSfer across the electfolyte—oxide-interfaée can also
occur by point defec£ migration througﬁ the'qxide; For thélanion diffusion
mechanism (V) interstitial oxygen ions diffuse to metallic regions, or
alternately, o*ygen vacanéies diffuse:from thé'metal following local
oxidatién‘tdward the electrolyte. In the cation diffusion mechanism (VI),
interstitial qati§ns diffﬁse from the metal to the elecirolyte where
oxidation displaces the o;idé phase in the directidn'away from the solid

electrolyte. N

Each'oxygen:tranSfef meqﬁaﬁismvinvolves the serics'of'kinetic steps.
The charge transfer and oxidation_prqcesses.éré commoﬁ t@iall'oxygen
transfer mechanism, while dissolution_and liquid-phase or sdlid-statevv
diffusion are»required by several. Usually one step will be rate limiting.

Several of the oxygen transfer mechanism; do not.contfibute signifi_
cantlyito the total oxygen flux. Oxide nucleation by meéhanism (I1) cannot
operate at sﬁfficiently low oxygen supersaturation of the liquid phase
( 10--2 in this.study). The‘oﬁygen solution-intérface diffusion mechanism
(ITI) is prdbably‘rate liﬁited by the iﬁterfacial diffusion process for
which the interfacial oxygen permeability is less than that for the bulk
liquid phase.i The extent to which the'meﬁal-oxide—electroly%e reaction
mechanism'(IV)‘can operate is limited by the amounﬁ of oxidé contacting
the electrolyte. : o S

- For the oxygen transfer mechanisms tV and VI), diffusi&e transport
' !

of point defects should be rate limiting. Cation interstitial diffusion
is known to predominate over anion diffusion mechanisms in,GéZOS. In a
‘study %f.the oxidation kineticg of GaAs t27), an oxide film pf Ga203 was
found: to form éfter evaporation of arsenic. Further oxidatign prdceeds by

interstitial diffusion of Ga through the oxide layer. This'meéhanism is
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corrobéfated by Roéehbérg:(285 for fnSb QXidation.' Tﬁeféb rémainsbmetallic
because tﬁe diffusivityiof Sb as weil as 6kygéntisvmuch.iower'than fhat of
the trivalent métal in the oxide. .Thus,'the anion diffusibn mechanism - (V)
is virtually indberative.compared to the cation diffu#ion mechanism (VI):
The cation diffusivity of fhé oxide, howeﬁer; is significéﬁ;ly lower than
the oxygen diffusivity of liquid gallium (29).

A study of the mechanisms shbwn schematicaily in Fig; 5 indiéates,that
the solution-diffusion mechanism (I) should predominate‘in the temperalure

range studied, owing to the large permeability of liquid‘gallium.

This mechanism is explored in the following section.

The Solution-Diffusion Model

The solution-diffusion model for aqueous reactions hetween sbarfng]y
soluble reagen;s and conducting electrodes has been investigated extensively
by Dunning et al. (30), and studied experimentally by Katan et'al.'(17)..
The humerousvlocai complex reaction paths operating at the electrode-
electrolyté interface can easily be cqmbined by-expressihg the overall rate

constant k as a function of the rate constants for the ith step, k_,
. : i
: -1 -1 . ' o
k = };Aiki 4)
1 .
The numerical value of the coefficients, however, must be determined ekperi-
mentally, unless the rate controlling step can be deduced by relative magnitude
estimates. Such estimates suggest that liquid-phase diffusion of dissolved

electrode, and thus the overall

1

oxygen is rate controlling in the Ga-63203

rate constant k is approximafely DO’ the diffusivity of oxygen ihlliquid

gallium. This estimate of the rate controlling step is supported by a
recent study of oxygen transfer between solid metal-metal oxide electrodes
and solid electrolytes, where oxygen'diffusion in the metal was found to

be rate-controlling (23).
' -10-




QXygen tfan5poit through the éxperimentalfcell by mechanism {1) under a
galVanostatic dfiving force is shown schematicélly in:Fig._é. The overpotential
at. each electrode can be calculated from Eqs. 2 and 3 with the oxygen partial

pressureé at the electrolyte surfaces,_Pé and PS , and from the equilibrium
: Vol 2 Lo .

partial pressures at the metal-metal oxide interfaces within the electrode,

02 N 2 —_t ., ' u—T) ne " CoL
be defined by AP = P, - P € and AP = P.* - P_ . The electrode overpotentials
O2 02 O2 : -02

in the electrodes are then

P'® and Pge; 'The average partial pressure drops within the electrodes can

n = ﬂ:— n 1 + > v a3 Zﬁ (—)_'- . . (53)
W  RT. \ RT TP
n = 4—F' nfl - e = T v (Sb)
Po P
2 2

The oxygen partial pressures can be converted to oxygen molar solubilities

by Sievert's Law from which it follows, for the reaction 0.—20 that

‘ 2 diss.”
the solubility is proportional to Po. » and therefore, Ac/c = %-AP/PO

S : 2 : 2
The oxygen solubilities at the electrolyte surfaces will differ from

the equilibrium solubility ¢y at the cell temperature. - However, in the limit

of small supersaturations, the overpotential for electrode 1 becomes
: , i
1

. _RT o
n =35 o - : (6)

N |
B I

“The oxygen'idn molar flux J is related to the cell current density by
Faraday's law, which for divalent ions is ition= 2FJ. The Bxygen»flux
within the electrode metal phase is related to the oxygen diffusivity by

- Fick's first law,

-11-



. =l = S o
J=-pX& =p & . : 7
, £ oM

where 3c¢/3z is the average concentration gradiént at thefelectrolyte and ¢
is a characteristic length.  The dependenceiof the solubility drop on cell
.current is then

bo'= ——— ' 8)

Finaily, the dependence of the electrode overpotentials on cell current is

obtained by combining Eqs. 6 and 8,

1
nl = RTZQ tioni » (9)
 4F DcO' . .

An identical expression applies to the second electrode. The ratio n'/i is
the specific electrode resistance R "
All coefficients in Eq. 9 are experimentally known except for the oxygeh

permeability of liquid gallium, Dc,, and the characteristic diffusion

0’
lengths, L'

The oxygen permeability of liquid gallium can be deduced from the

measured oxygen solubility c, and the liquid-phase diffusivity D. - The

0

solubility of Ga,0, in liquid gallium was determined by Foster and Scardefield

273

(30) by a gravimetfic method over the temperature rangé from 900 to 1200°C.
Their experimental data on oxide mole fraction is represented here by the

relation -

L

x = 1.175 x10° exp [(-35,850 +1,140)/RT] (10)
GaZO3 : g .

The solubility of atomic oxygen is then found by assuming\that the dissolved
oxide dissociates into atomic components, from which it follows that the
|
1 ili 3 x., i
molar solubi 1tyvco(;3 xGazogdGa/MGa) is
-



¢y = 30.63 exp [(-35,850%1,140)/RT] . R ' (11a)

The activation\energy for dissolutidn'is.35,85011,140'céi for the afailéble

- data, and thus the ektrapolation of the oxygen solubility to low temperatures
. produces an error which increases with the extent of extfapqlation. The
diffﬁSivity of oxygen in liquid gallium was méasured by Klinédinst (29) by
galvanostatic titration experiments. The diffusion éoefficient was

expressed by the equation,

D = (3.6840.42) x 10 Sexp[( -8,370%0.25)/RT] . (11b)
M) '

The permeability of atomic oxygen in quuid_gallium is, fihally,

Dey = 0.11273 exp [(-44,22041,140)/RT] (12)

10

Thus, the permeabilities at 800 and 900°C are 1.11 x 107" and

6.49 x 10-10, respectively.
. A general dependénce of the local overpotential on temperature and

current density for the solution diffusion model can now be found by combining

the'permeability’Eq. 12 with Eq. 9, for t. =~ 1,
o : _ . - “ion
n' = (1.98 x 107°) 2'i T exp(44220/RT) (13)

Again, the diffusion length L' depends on the electrode strdcturet The
‘Ga—Ga203 electrode resistivity associated with the local ove&potential can
be defined by

!
'

P == (1.98 10_?)T exp((44220/RT).(14)

Unlike the overpotential resistance per unit area (Rn,= nYi), the local

electrode resistivity is independent of the electrode structure, and is a
. . |

property'of the oxygen transfer through the liquid phése.



Ga-Ga,0, Electrode Properties

If the solution diffusion mechaniem controls oxygen transfer between
Ga- GaZO3 electrode and the solid electrolyte w1th dissolved oxygen diffu51on '
in liquid gallium as the rate controlling step, - then the interfacial transfer
re51st1v1ty p .should be given by Eq. 14. .This rate control can be tested

by comparing exper1menta1 data for n'/i with p 's calculated from Eq. 14.
_ !

The effective diffu51on length requ1red is then given by
' = ot n'/1) | (15)
L exp’ D v

At 800°C Py equals 2162 ohm-cm, whereas the measured n'/i is 3.8 ohm—cmz.

The diffusion length deduced from these data is then-

2 = 1.76 x 10 %cm

This diffusion length is consistent with the actual electrode structure in

which loosely packed Ga O3 particles.with an average diameter of 2.5 X_10_3cm

2
are infused‘with liquid gallium. The experimental data at 900°C indicates an
effective diffusion length of 5.0 x 10-3 which is somewhat larger than
expected for diffusion limited kinetics, bdt within thevlimits of error
and reproducibility of the electrode etructure.

Another test of the mechanism and rate control lies in the time dependence
of the overpotential following initiation of a constant cell current. Trans-
port of oxygen ions through the electrolyte causes a local supersaturation

of dissolved oxygen which, in the quasi-steady state,'can be shown'to be

related to the diffusion flux J and time t by

Ac = J\’Zt/D. (16)
The time dependence of the local electrode overpotential is then

l.‘ . _14_



) an @yaoe e - an

1/2

A linear'dependencé'of n' on t for short times was observed in all

experiments- again supporting‘the diffusion limited kinetics.
!

Fhe measured overpotentlals werc 1ndependent of ‘the dlrectlon of current
flow to w1th1n 5%. The asymmetry of the experimental cell was m1n1mlzed'by
limiting the interfacial area of the outer electrode in contact with the
electrolyte tube. The~dependence‘of\orerpotential on the‘direction of current
"~ flow isyassumedvto indicate differences in oxide packing'uithin the two
Ga;GaVO' electrodes. , B

The total oxygen flux transferred during the experlments is not- expected
to 51gn1f1cantly alter ‘the electrode structure at the solid electrolyte inter-
face according to'mechanism I. A calculation,-based on the fact that l‘cou10mb
pa551ng through the cell transfers 5.18 x 1070 moles of oxygen, shows that an
odee thlckness .of only 200 X per cm2 of electrode- electrolyte interface was

'

- transferred during all experiments. For the'idealized‘interfaCe structure shown
in Fig.lo, the ratio of oXide—metal area to_metal-electrolyte area is 2.5, andl :
thus the average oxide-metal interface displacement is only 80 A Mostvof the
oxide-metal interface aisplacement takes place near the electrolyte where the
diffusiongdistance is short, nowever, and this effect leads to the current-
modifieq.electrode structure shown in.Fig. 6b. -For the'actudl'eléctrode'containing'
irregular oxide particles in a liQuid matrix;'the oxidebtransfer processes has
less effect.on the electrode structure because 6f limitedvtnree-phase contact.

A comparison of the present results wlth earlier studies shows that the

Ga- Ga203 electrode exhibits an exceptionally low oVerpotential-associated
resistance. Worrell and Iskoe-(23) have measured the dependence of steady-state’

-1s-



overpotentials on cell current for Symmetriczéells of the type,
M-MO / Zr0,(Ca0) / M-MO_, in which the M-MO_ electrodes were Ni-NiO,

- Fe-FeO and Cu-CQZO. The steady-state overpotentials pervﬁnit afea of .
elecfrode-electrolyte interface calculated from théir data are shqwn invFig.“Z
along with’the;méasuremehts from thié study. From this comparison it can |

be seen that thé Ga—Gézos electrode exhibit;\é lower eieétrode oﬁerpotential
than do the :hree most commonly employed‘reference‘eléctrodes and, thérefore,

promises to be a superior reference electrode for kinetics and phase

equilibria applications in the low partial pressure range.

-16-
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electrolyte thickness, cm
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oxygen partial pressure, atm |
gas constant, 1.987 cal/mole °K
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