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OXYGEN TRANSFER KINETICS BETWEEN Ga-Ga203 ELECTRODES 

AND THE SOLID ELECTROLYTE CALCIA-STABILIZED ZIRCONIA 

* t 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-Ga203 composite electrodes 

and the solid electrolyte calcia-stabilized zirconia, Zr02(CaO), were studied 

with the symmetric, galvanic cell, 

over the tempexature range from BOO to 900°C. Chronopotentiometric studies 

were conducted using current densities from 0.3 to 130 llA/cm2 to obtain 

overpotentials for faradaic oxidation and reduction reactions at the 

A linear dependence of the overpotential 
I 

on current density was obtained, corresponding to a localel~ctrode resistance 

of 3.B ohm per cm2 of electrode-electrolyte interface at BOO°C. The data is 

in agreement with a solution-diffusion mechanism of oxygen transport through 

liquid Ga in the electrode between the Zr02 (CaO) electrolyte and 

Ga203 particles. 

* Electrochemical Society, Active Member 
-r Electrochemical Society, Student Member 
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Introduction 

Solid electrolytes have become important in recent years for use in 

thermodynamic and kinetic studies with solid state electrochemical cells 

(1-4) and more recently, in fuel cells and other power sources (5-11). 

Major areas of concern in kinetics and power source applications of solid elec-

trolytes are the structure of the solid electrolyte-electrode interface and the 

electrochemical, rate-controlling process for ionic transport across this 

interface (12). Considerable theoretical and experimental work has been reported 

concerning space charge 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-polarizable 

and polarizable electrodes (19). In this paper studies of oxygen transfer 

between the two-phase, liquid metal-metal oxide electrode Ga(t)- Ga203 , and the 

solid electrolyte Zr02 (CaO) in a symmetric solid state galvanic cell are 

reported. 

Oxygen transfer kinetics at interfaces between two-phase electrodes 

and solid electrolytes is important in many electrochemical applications. 

Metal-metal oxide 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 for coulombic titration experiments (20), for measurements 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 kinetics from metal-metal oxide electrodes to solid 

electrolytes has. received re)ati vely litt Ie study. Steele (22) studied 

the reversibility of several such electrodes. Recently, Worrell and Iskoe 
,~ 

(23) measured steady-state overpotentials for oxygen transfer from 

Cu-Cu2o, Fe-FeO and Ni-NiO electrodes to calcia stabilized zirconia (52), 

three of the most commonly employed reference electrode-electrolyte 

combinations used in solid- state e lectroch emi cal cell studies. 

The Ga-Ga203 electrode has been important as a reference fo~ gallium 

activity in thermodynamic studies employingzrO(Ca~2) solid state 

electrochemical cells (24, 25). Seybolt (24) ~sed this metal-metal 

oxide electrode in a study of Ga activities in the Ni-Ga system. 

Kli nedinst et al. '(25) studied the Ga act i vi ties in the In-'Ga system 

with'this electrode. Applications of this electrode'in thermodynamic 

studies of III-V compound alloys is currently under study by the present 

authors. The Ga~Ga203 electrode is representative of liquid metal-metal 

oxide electrodes which are of practical importance for providing .stable 

reference,activities in galvanic cells, and an understanding of oxygen 

transfer kinetics in this system should provide a basis for employing 

these electrodes inrelectrochemical systems. 
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Experimental 

Materials 

t 
Gallium metal * of 99 . .9999% purity and Ga 203 powder . (-325 mesh) of 

tt 99.99% purity for coexistence electrodes and the zr02 (CaO) electrolyte 

were obtained from commercial sources. High purity, recrystalli zed Al 203 

was used in the remaining components,of the cell assembly. An il}ert pl,lrge 
, I 

gas manifold was,constructed of stainless steel throughout with KEL-F 

sealed, bellows valves. Vi ton and rubber O-rings were employed in seals between" 

steel and ceramic components. 

Apparatus 

The experimental cell configuration 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-Ga203 'electrode 

supported o~ Ga203 powder within a 1. 5 em J.D. alumina crucible. This 

assembly was' contained in a closed-end alumina reaction tube which was 

sealed at the top by an O-ring seal contained in a water-cooled stainless , , 

steel cap. The cap contained two additional O-ring seals through which the 

electrolyte tube, a thermocouple protection tube and a purge gas inlet 

tube passed. Both of these tubes were also sealed at their tops by O-ring clo-
I 

sures to a purge gas manifold. The tube assembly was positioned in a 

Kanthal A-I alloy resistance furnace whose temperature was regula~ed by a 

triac-controlled. integrating proportional controller. The cell temperature 

* ' Cominco Co., Seattle, Wash. 
I 

t A'lfa Inorganic. 

ttZirconium Corp. of America; Solon, Ohio. 
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was held constant (±O.5°C) at the electrode assembly bya control thermocouple 

placed o,utside the alumina reaction tube. Convection in the liquid gallium 

was prevented by maintaining a vertical thermal gradient of 0.3°C/cm over 

the electrode assembly. 'Electrical interference, from .current transients 

in the furnace winding was prevented by encasing the reaction tube in an 

electrically grounded stainless steel tube to shield the electrode circuit 

from i nuuc ed pot en t i a 1 s . 

The electrical circuit, and purge gas manifold are shown schematically 

in Fig. 2. The emf of a chromel-alumel thermoc~uple used to measure the cell 

temperature 'was determined with a Leeds and Northrup K-3 poten!iometric 

facility. The tungsten wire contacts to the Ga-Ga20
3 

electrodes were pass:d 

through De Khotinsky cement and glass seals to isothermal copper'connectors, then 

to coaxial cables. Cell currents were produced with an Electronics Measurements, 

Model C636 constant current power supply (G, Fig. 2). The ohmic component 

of the vol tage respons~ to current changes was measured ,wi th a dual beam 

Tektronic type RM35A oscilloscope'with a high speed type G differential 

input preamplifier plug-in (A2~ Fig. 2). The cell emf was measured with a 

Keithley 6l0C electrometer (E, Fig. 2) having' a sensitivity of ±0.02 mV and 
, -15 

an offset current of 5 x 10' A.' 

Procedure 

Following assembly, thJ cell was well purged with flowing argon. Both 

electrode compartments were leak tight, as checked with a He leak detector. 

The initially 99.998% pure Ar was purified by passing it through a Centorr 

gas-purification furnace containing Ti chips heated to 800°C. After thorough 
, 

purging, the cell temperature was raised to the 'operating temperature at 

75°C/hr to minimize thermal ?tress on the Zr02 (C<I)) electrolyte. The cell was 
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equibrGl,ted overnight ,at the working temperature to ,anneal the electrodes and 

to all ow a check on ceH emf stabi Ii ty. During measureinents both electrode 

compartme~ts were sealed off from the gas manifold to prevent emf errors 

from gas flow sources. 
, 

Experiments were conducted with constant current density pulses between 

0.3 and l30llA/cm
2

. The open cell voltage was measured ~fter equilibration 

and before current was applied. The ohmi~ voltage was measured from the 

abrupt> change in oscilloscope trace occurring when the current to the cell 

was applied or terminated. Following the onset 'of each pulse the cefl voltage 

was monitored intermittently for a period of 10-20 minutes during which the 

current was applied, followed by intermittent vOltage measurements with no 

current for an additional 10..,30 minute period, during which equilibrium 

was established. After all experiments were completed the cell temperature 

was lowered at 70°C/hr under flowing Ar. The cell was then dismantled 

for inspection of the electrodes and electrode-electrolyte interface to 

insure that the clect~ode remained tWo-phase during the experiments, and 

that wetting of the electrolyte by liquid gallium had occurred. 

Results 

Chronopot~niometric studies were' carried out with the cell, 

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

pressure at the two electrode-electrolyte interfaces, 

emf 
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where t. is the ionic transference number. Thus, for the synunetric cell 
10n 

[I] at equilibrium, the cell emf should be zero. In practice, however, a 

small emf, ·vocan arise from small differences· in temperature, composition 

or ambience between the two electrodes. when a current density i is passed 

through the cell, an oxygen ion flux of magnitude i/2 flows in the opposite 

dire~tion for which an ohmic voltage component Lpi appears across the 

electrolyte of thickness 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 

n' RT (' ,e) = 4F .Q,n Po /Po 2 ,2 
(2a) 

RT ~ r n" " "e = 4F .Q,n Po/P02 . 
(2b) 

Ie "e 
where Po and Po are the oxygen partial pressures far from the electrolyte 

2 2.-
in electrodes 1 and 2, respectively. Thus, the cell voltage measured during 

current flow is 

" V = Vo + n + n + Lpi (3) 

" The total, steady-state overpotential nt = n + n is a function of current 

density whose magnitude depends on the oxygen transfer kinetic mechanism. 

The magnitude of Tt (i), and thus information on this mechanism, is readily 

deduced from V(i) measurements and independent determinations of VO' Land p. 

The cell voltage response to a long galvanostatic pulse is shown 

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

and following a pulse of 56~A/cm2 are shown in Figs. 3b and 3c, respectively. 

The data is plotted as a fuJction of the square root of the incremental 

time following the current change to show the parabolic time dependence 

of the VOltage transients. 
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The total steady-state overpotential nt was calculated for each 

chronopotentiometric experiment from the magnitude of the galvanostatic 

voltage transient (V3 - V2 , in Fig. 3a). The dependence of nt on current 

density passed through the cell at 800°C is shown in Fig. 4. Measurements 
) . 

at current densities well above lOOllA/cm- were hindered by the failure of 

the overpotential to reach steady state in a convenient period of time. On 

i the other hand, measured overpotentials below 'V25~V were in error because of 

the finite noise level in the measurement circuit. A linear dependence of 

2 nt on i was observed which, at 800°C, had a slope of7.6 ± 2 ohm per cm 

of electrode-electrolyte interface.' Measurements of steady-state overpoten-

tials at 900°C also showed a linear dependence of nt on i with a slope 

2 of 4 ± 2 ohms percm of interface. 

Discussion 

Oxygen Transfer Mechanisms 

During passag.e of current between electrodes, charge-carrying oxygen 

ions are transferred across the solid electrolyte. Gallium oxidation occurs 

at the positive cell electrode and oxide reduction, at the negative electrode. 

Several mechanisms for oxygen transfer between the electrodes operate 

in parallel, and these are summarized in Fig. 5. Oxygen flowing from the 
, 

solid electroiyte into liquid gallium supersaturates the metal after 

charge transfer. In the solution-diffusion mechanism (I) the dissolved 

oxygen diffuses across a narrow liquid layer to an oxide surface where 

oxidation is a5s~ed to take place. The oxide can form on the solid 

electrolyte if a nucleation and growth mechanism (II) is operative. Alter-

nately, the dissolved oxygen can adsorb onto and diffuse along the solid 
I 

electrolyte-liquid metal interface (I II) to an oxide grain contacting the 
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electrolyte. At points of three phase contact a metal-oxide-electrolyte 

reaction mechanism (IV) can operate without diffusion. 

Oxygen transfer across the electrolyte-oxide interface can also 

occur by point defect migration through the oxide. For the anion diffusion 

mechanism (V) interstitial oxygen ions diffuse to metallic regions, or 

alternately, oxygen vacancies diffuse. from the metal following local 

oxidation .toward the electrolyte. In the cation diffusion mechanism (VI), 

interstitial cations diffuse from the metal to the electrolyte where 

oxidation displaces the oxide phase in the direction away from the solid 

electrolyte. 

Each oxygen transfer mechanism involves the series of kinetic steps. 

The charge transfer and oxidation processes are common to all oxygen 

transfer mechanism, while dissolution and liquid-phase or solid-state 

diffusion are required by several. Usually one step will be rate limiting; 

Several of the oxygen transfer mechanisms do not contribute signifi-

cantly to the total oxygen flux. Oxide nucleation by mechanism fII) cannot 

operate at sufficiently low oxygen supersaturation of the liquid phase 

( 10- 2 in this study). The oxygen solution-interface diffusion mechanism 

(III) is probably rate limited by the interfacial diffusion process for 

which the interfacial oxygen permeability is less than that for the bulk 

liquid phase. The extent to which the meial-oxide-electrolyte reaction 

mechanism (IV) can operate is limited by the amount of oXidd contacting 

the electrolyte. 

For the oxygen transfer mechanisms (V and VI), diffusive transport 

of point defects should be rate limiting. Cation interstitial diffusion 

is known to predominate over anion diffusion mechanisms in Ga
2
03. In a 

study rf the oxidation kinetics of GaAs (27), an oxide film ~f Ga203 was 

found, to form after evaporation of arsenic. Further oxidatibn proceeds by 

interstitial diffusion of Ga through the oxide layer. This mechanism is 

-9-
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corroborated by Rosenberg (28) for InSb oxidation. TheSb remains metallic 

because the diffusivity of Sb as well as oxygen is much lower than that of 

the trivalent metal in the oxide. Thus, the anion diffusion mechanism (V) 

is virtually inoperative compared to the cation diffusion mechanism (VI). 

The ca"tion diffusivity of the oxide, however, is significantly lqwer than , 

the oxygen diffusi vi ty of liquid gallium (29). 

A study of the mechanisms shown schematically in Fig. 5 indicates.that 
I 

the solution-diffusion mechanism (I) should predominate in the temperature 

range studied, owing to the large permeabi li ty of liquid galli urn. 

This mechanism is explored in the foll~ section. 

The Solution-Diffusion Model 

l'hc solution-diffusion model for aqueous reactions hetween sparingly 

soluble reagents and conducting electrodes has been investigated extensively 

by Dunning et al. (30), and studied experimentally by Katan et al. (17). 

The numerous local complex reaction paths operating at the electrode-

electrolyte interface can easily be combined by expressing the overall rate 

constant k asa function of the rate constants for the ith step, k., 
1 

(4 ) 

I • The numerical value of the coefficients, however, must be determined experl-

mentally, unless the rate controlling step can be deduced by relative magnitude 

estimates. Such estimates suggest that liquid-phase diffusion of dissolved 

oxygen is rate controlling in the Ga-Ga 203 electrode, and thus the overall 

rate constant k is approximately DO' the diffusivity of oxygen in, liquid 

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-
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Oxygentranspurt through the experimental cell by mechanism (I) under a 

galvanostatic driving force is shown schematically in Fig. 6. The overpotential 

at each electrode can be calculated from Eqs. 2 and 3 with the oxygen partial 

, " pressures at the electrolyte surfaces, Po and Po ' and from the equilibrium 
2 2 

partial pressures at the metal-metal oxid~ interfaces within the electrode, 

'e "e Po and Po . The average partial pressure drops within the electrodes can 
2 2 -,. , 

be defined by 6P = Po The electrode overpotentials 
2 

in the electrodes are then 

fu( -') -, 
RT 

+ ~~ " 

RT t:,p 
n = 4F 4F P' O2 

(Sa) 

( 6P'f 
~, 

" RT RT t:,p 
n = 4F .R,n 

1 - p ~~ " 4F " Po 
2 

(Sb) 

The oxygen partial pressures can be converted to oxygen molar solubilities 

by Sievert's La\',' from which it follows, for the reaction 

the solubility is proportional to Po ' and therefore, 
2 

The oxygen solubilities at the electrolyte surfaces 

02-+20d' , that 
ISS. 

I 
6c/c = 26P/PO 

2 
will differ from 

the equilibrium solubility Co at the cell temperature .. However, in the limit 

of smallsupersaturations, the overpotential for electrode I becomes. 

, 
n 

i 

. The oxygen ion molar flux J is related to the cell current Jensit'y by 
i 

(6) 

Faraday's law, which for divalent ions is it. = 2FJ. The ioxygen flux Ion 

within the electrode metal phase is related to the oxygen diffusivity by 

Fick's first law, 

-11-



J = -D ~~I 
z=O 

_ D l1c 
R, 

(7) 

where ac/az is the average concentration gradient at the electrolyte and R, 

is a characteristic length. The dependence of the solubility drop on cell 

,current is then 

it. R, lon 

2FD 
(8) 

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

obtained by combining Eqs. 6 and 8, 

n 
RT R, , 

= -""2=--- t. i lon 
4F DcO 

(9) 

, 
An identical expression applies to the second electrode. The ratio n Ii is 

the specific electrode resistance R , . 
n 

All coefficients in Eq. 9 are experimentally known except for the oxygen 

permeability of liquid gallium, DcO' and the characteristic diffusion 
, 

lengths, R, • 

The oxygen permeabi li ty of liquid gallium can be deduced from the 

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

solubility of Ga
2

03 in liquid gallium was determined by Foster and Scardefield 

(30) by a gravimetric method over the temperature range from 900 to l200°C. 

Their experimental data on oxide mole fraction is represented here by the 

relation' 

2 x - 1.17·5 xlO exp [(-35,850±1,140)/RT] (10) Ga203 

The solubility of atomic oxygen is then found by assuming that the dissolved 

oxide dissociates into atomic components, from which it follows that the 

-12-
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Co = 30.63 exp [(-3S,8S0±l,140)/RT] (lla) 

The activation energy for dissolution is 3S,8S0±l,140 cal for the available 

data, and thus the extrapolation of the oxygen solubility to low temperatures 

produces an error which increases with the exten-t of extrapolation. The 

diffusivity of oxygen in l[iqUid gallium was measured by Klinedinst (29) by 

galvanostatic titration experiments. The diffusion coefficient was 

expressed by the equation, 

-3 . 
= (3.68±O.42) x.IO expl( -8,370±O.2S)/RT] (Ub) 

The permeability of atomic oxygen in liquid gallium is, finally, 

DcO = 0.11273 exp [(-44,220±l,140)/RT] C!2) 

. 0 -10 Thus, the permeabili ties at 800 and 900 Care 1.11 x 10 and 

-10 6.49 x 10 ,respectively. 

A general dependence of the local overpotentia1 on temperature and 

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

thepermeabi Ii tyEq. 12 with Eq. 9, for t. ~ l, 
Ion 

(13) 

Again, the diffusion length i' depends on the electrode strJcture. The 

Ga-Ga203 electrode resistivity associated with the local ove~potentia1 can 

be defined by , I 

P 
_ n 
= -,-- = 

n' i i 
(1. 98 lO-9)T eXPi(44220/RT).(14) 

Unlike the overpotentia1 resistance per unit area (R j= nYi), the local 
n 

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

property of the oxygen transfer through the liquid phase. 
I 
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Ga-Ga203 Electrode Properties 

If the solution-diffusion mechanism controls oxygen transfer between 

Ga-Ga203 electrode and the solid electrolyte with dissolved oxygen diffusion 

in liquid gallium as the rate controlling step, then the interfacial transfer 

resistivity p ,should be given by Eq. 14. This rate control can be tested 
n 

by comparing experimental data for n' /i with p " calculated from Eq. 14. 
n I 

The effective diffusion length required is then given by 

0' -1 ( '/') 
N :;: Pn n 1 exp (IS) 

, 2 
equals 2162 ohm-cm, whereas the measured n /i ~s 3.8 ohm-cm . 

The diffusion length deduced from these data is then 

This diffusion-lengt;h is consistent with the actual electrode structure in 

-3 which loosely packed Ga203 particles with an average diameter of 2.5 x 10 cm 

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 diffusibn limited kinetics, but within the limits of error 

and reproducibility of the electrode structure. 

·.i··'···'i .. ···· 

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 

/::, c ~ JV2t/D. (16 ) 

The time dependence of the local electrode overpotential is then 
I 

-14-



A linear dependence of n' 

n' (tj a n' (OO),j20t It' . 

on 

f 
f 

for short times was observed in all 

experiments, again supporting the diffusion limited kinetics. 
! 

The measured overpotentials ~ere independent of the-direction of current 

flow to wi thin 5%'. The asymmetry of the experimental cell was minimized by 

limiting the interfacial area of the outer electrode in contact with the 

electrolyte tube. The dependenceof,overpotential on the.direction of current 

flow is assumed to indicate differences in oxide packing within the two 

Ga;..Ga Z03 electrodes. 

The total oxygen flux transferred during theexperirilents is not expected 

to significantly alter the electrode structure at the solid electrolyte inter-

(l7) 

face according to mechanism I. A calc~lation, based on the fact that I coulomb 

passing through the cell transfers 5.18 x 10-6 moles of oxygen, shows that an 

oxide thickness of only 200 A per cm2 of electrode-electrolyte interface was 

transferred during all experiments.' ror the idealized interface structure shown 

in Fig. 6, the ratio of oxide-metal area to metal-electrolyte area is 2.5, and 
o 

thus the averag~ oxide-metal interface displacement is only,80 A. Most of the 

oxide-metal interface displa7ement takes place near the electrolyte where the 

diffusion distance is short', however, and this effect leads to the current-

modified electrode structure shown in ,. Fig. 6b. For the actua!l electrode containing 

irregular oxide particles in a liquid matrix, the oxide tran~fer processes has 

less effect on the electrode structure because of limited three-phase contact. 

A comparison of the present results with earlier studiek shows that the 

Ga-Ga203 electrode exhibits an exceptionally low overpotential-associated 

resistance. Worrell and Iskoe/(23) have measured the dependence of steady-state 

( 
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overpotentials on cell current for symmetric cells of the type, 

M-MOn' / Zr02 (CaO) / M-MO , in which the M-MO electrodes were Ni-NiO, n n 

- Fe-FeO and Cu-Cu20. The steady-state overpotentials per unit area of . 

electrode-electrolyte interface calculated from their data are shown in Fig. 7 
I 

alon'g with the measurements from this study. From this comparison it can 

be seen that the Ga-Ga203 electrode exhibits ,a lower electrode overpotential 

than do the t;hree most commonly employed reference electrodes and, therefore, 

promises to be a superior reference electrode for kinetics and phase 

equilibria applications in the low partial pressure range. 

-16-
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, List of Symbols 

molar solubility, mOles/cm3 

diffusion coefficient, cm2/sec 

F 

J 

Faraday constant, 96,489 coulomb/equiv~, or 23,061 cal/volt-equiv. 

oxygen ion flux, moles/cm2-sec. 

L 

I 
R, 

R 

R I 

n 
T 

electrolyte thickness, em 

characteristic diffusion lerigth, em 

oxygen partial pressure, atm 

g~s constant, 1.987 cal/mole oK 

local electrode resistance, ohm 

absolute temperature, oK 

t. ionic transference number lon 

V cell voltage, V 

Va open cell voltage, V 

x. mole fraction of component i 
1 

n local electrode overpotential , V 

nt total cell overpotential, V 

p electrolyte resistivity, ohm-cm 

P
n 

local electrode resistivity, ohm-cm 

T relaxation time constant, sec 
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