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AN ELECTROCHEMICAL ANALYSIS OF SOLID 
ELECTROLYTE/ELECTRODE SYSTEMS 

J.D. Canaday*, A.K. Kuriakose*, A. Ahmad*, and T.A. Wheat* 

Abstract 

The three-phase cell consisting of reactant gases, porous electrodes, and a 

solid electrolyte is described in electrochemical terms. 	Electrode processes 

that cause polarization phenomena are also discussed. 	The use of two-probe 

and three-probe techniques is presented together with examples of results 

obtained for a number of systems. 

*Research Scientists, Ceramic Section, Mineral Processing Laboratory, Mineral 

Sciences Laboratories, CANMET, Energy, Mines and Resources Canada, Ottawa, 

KIA OGI. 





UNE ANALYSE ÉLECTROCHIMIQUE DES SYSTÈMES 
À ÉLECTROLYTE SOLIDE ET À ÉLECTRODE 

J.D Canaday*, A.K. Kuriakose*, A. Ahmad* et T.A. Wheat* 

Résumé 

Les trois éléments constituants d'une pile que sont les gaz réactifs, 	les 

électrodes poreuses et l'électrolyte solide sont décrits en termes électro- 

chimiques. 	Les processus associés à l'électrode qui causent le phénomène de 

la polarisation sont aussi discutés. 	L'utilisation des techniques à deux 

sondes et à trois sondes est présentée simultanément avec des exemples de 

résultats obtenus à partir de plusieurs systèmes. 

*Chercheurs scientifiques, Section de la céramique, Laboratoire du traitement 

des minéraux, Laboratoires des sciences minérales, CANMET, Energie, Mines et 

Ressources, Ottawa, KIA OGI. 
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1. INTRODUCTION 

The Advanced Ceramic Materials Project is 

based, in part, on research and development 

activities in the area of beta-alumina and 

Nasicon-type materials 	(I). 	lon-exchange 
methods (2) have extended the use of these 

ceramics to include functional ceramic devices 

such as sensors, gas pumps, fuel cells, and 

electrolyzers. 	Electrode studies (3,4) and 

electrochemical measurements (5) have also 

illustrated the industrial potential of these 

devices. In order to further assess the 

merits of these configurations, it is neces-

sary to refine the electrochemical investiga-

tions of the electrolyte and electrode compo-

nents. 

The objective of this report is to provide a 

framework for the application of electro-

chemical principles to the CANMET three-phase 
system that utilizes gaseous reactants, porous 

metal electrodes, and a protonic (or cationic) 

solid electrolyte. The scope of this analysis 

is limited primarily to DC and transient meth-

ods, with a brief discussion of AC techniques. 

2. THEORETICAL CONSIDERATIONS 

2.1 CELL CONFIGURATIONS 

Historically, electrochemical 	systems have 

been two-phase configurations with a liquid 

electrolyte and two metal electrodes (6). 
More recently, another two-phase configura-

tion, a solid electrolyte with metal elect-

rodes, has been investigated for use as a 

solid-state battery (7). 

The introduction of gaseous reactants through 

porous electrodes for sensors and fuel cells 

has resulted in a three-phase system of gas, 

metal electrode, and liquid or solid electro-

lyte. The liquid system is exemplified by the 

KOH or H3PO4 fuel cell (8); Zr02 electrolytes 

have been used for oxygen sensors and high-

temperature fuel cells (9). Solid protonic 

electrolytes have also been utilized in vari-

ous electrochemical devices (10,11,12). A 

schematic diagram of these three cell types 

is shown in Figure I. 

2.2 THERMODYNAMIC PROPERTIES 
OF AN ELECTROCHEMICAL CELL 

The phenomena associated with electrochemical 

cells can broadly be divided into two types. 

Thermodynamic effects occur under open-circuit 

conditions, while kinetic reactions leading 

to polarization processes result when an elec-

trical current flows in a closed-circuit con-

figuration. Thermodynamic effects have been 

considered by a number of authors (14,15,16), 
and their basic relations will be summarized 

here. For a hydrogen concentration cell with 

partial pressures, PI and P2, the emf is given 

by: 

RT In ( P I 
= 	

) 
V — 
eq 	 P

2 

where R is the gas constant, and T is the tem-

perature. The term n represents the number 

of charges for the reaction H2+ 2e-  + 2H+ 
 (z = 2), and F is Faraday's constant, 96 485 

Coulombs/mole. The free energy is 

àG = -rIFVeg  

or 

AG = -RTInK 

where K Is the equilibrium constant. 

The entropy is 

à  s  
(Ai G) 

P  

and the enthalpy Is 

àH=AG+Tà S 	 Eq 5 

or 

à H = nF-V
eq 

+ Tà-17 

[ 	

a (vel, j 
Eq 6 

2.3 INTERFACE MODELS 

An electrochemical interface is formed when 

an electrode is placed in contact with an 

Eq 1 
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electrolyte. The electrode is primarily an 

electronic conductor, while the electrolyte 

is required to be an ionic conductor, as shown 

schematically (6,17) in Figure 2(a). This 

junction results in a double layer that can 

be modelled by a capacitance, C di , as seen in 

Figures 2(h) and 2(c). An ideally polarized 

interface is formed when the resistance of the 

equivalent circuit approaches infinity, as the 

capacitor charges up to the potential placed 

across the interface. When the resistance is 

zero, current leakage causes the interface to 

be ideally nonpolarized. Current-voltage 

curves for these ideal cases are shown in 

Figures 2(d) and 2(e). 

2.4 ELECTRODE PROCESSES 

The processes that occur at an electrochemical 

interface are numerous, complex, and interac-

tive. They can be generally classified (17) 
as either faradaic or non-faradaic types. In 

the former case, charges are transferred 

across the interface in accordance with Fara-

day's Law (18): 

J = ZF Jm 

where the extent of the chemical reaction, 

symbolized by the molar flux density, J rn , is 

proportional to the electric current density 

represented by J. Faradaic processes are as-

sociated with the transfer of charge or mass. 

Charge-transfer reactions include oxidation, 

reduction, and ionization. Mass-transfer 
processes are due to the convection of gas 

through the cell gas flow system, diffusion 

through the porous electrode, and migration 

of ionic species through the electrolyte. 

Under certain conditions, an interface will 

show a change of voltage when no charge trans-

fer reactions occur because such reactions are 

thermodynamically or kinetically unfavourable 

(6). Here, processes such as adsorption or 

desorption can occur, and the structure of the 

interface can change with potential or with 

electrolyte composition. These processes are 

termed "non-faradaic". 

These faradaic and non-faradaic processes are 

schematically shown in Figure 3(a) for a two- 

phase electrode/liquid-electrolyte reaction 

(17): 

0+n 	 Eq 8 

where 0 and R represent oxidized and reduce'd 

species. Similar concepts have been proposed 

for the two-phase electrode/solid-electrolyte 

interface (19). 

A current density, J, is associated with an 

overpotential, Ti,  which will be the sum of the 

overpotentials of each reaction, 

Ti  = ci- 	n mt 

where n ct  and Ile are the charge transfer (or 

activation polarization) and mass transfer (or 

concentration polarization) terms. The over-

all Faradaic electrode reaction can then be 

considered as a resistance, RF, which is comp-

osed of a series of charge transfer and mass 

transfer steps such that 

RF = Rct Rmt 	 Eq 10 

A fast reaction is described by a small re-

sistance, and a slow process is characterized 

by a large resistance. The slower step, which 

limits the overall electrode reaction, is 

called the "rate-determining step". An equiv-

alent circuit of these mechanisms is shown in 

Figure 3(b). 

2.5 POLARIZATION MECHANISMS 

The operating voltage of an electrochemical 

cell, V -cell, is related (20) to the equilib-

rium potential, Veq , and the polarization 

losses V by the equation 

Vce 1 I = Veq 	Vp 

The positive and negative signs apply when the 

cell is externally driven, as in the case of 

an electrolyzer, or when it functions in a 

self-driven manner as a fuel cell. Polariza- 

tion of the electrodes results from charge 

transfer reactions or activation polarization, 

nact' and from concentration polarization, 

due to mass transfer processes. The n conc' 
electrolyte itself does not become polarized, 

Eq 7 

Eq 9 

Eq II 

2 



where n a  and n c  are the anodic and cathodic 

activation polarization terms. 

RT In --- 
conc 	nF  

Eq 18 

D d C  zF D C dV 
j = C v - 	- 

dx 	RT 	dx 
Eq 19 

5 F 11 
a 
 ) 

J = Jo exp, 
RT RT 

J
o 

F fl
a J = 

RT 
Eq I6a 

Eq 16b 

and the gas flow rate for the convective term 

is R = 
a 	RT 

cl- 	J 	FJ
o 

but an ohmic loss, Il e ', occurs because of the 

IR resistance. Thus, the total polarization 

is the linear sum of these components: 

The ohmic loss due to the electrolyte is in- 

cluded in the term, Vp , and is represented as 

V p = fl 	+ n 
act 	conc + el 

ActivationActivation polarization is often modelled by 

the Butler-Volmer equation (6,17) for a one- 

step, single-electron transfer process as 

(5 F  n a ) 	( -(1-13) Fn cl 
J = J 	exp 	 exp 	 

o 	
Eq 13 

RT 	 RT  

Tiel = IR = JAR = PLJ 	 Eq 17 

Here, the terms A, P, and L are the cross-

sectional area, resistivity, and thickness of 

the electrolyte. 

When Fick's law of diffusion is applied to the 

electrode reactant species (8), the concentra-
tion polarization is given by 

Eq 12 

The symmetry factors 5 and (143) (6) are re-

placed by anodic and cathodic transfer coef-

ficients, a, and a c , when multistep electrode 
reactions arise (21). A similar relation of 

the form 

en 
J = J

o 
[exp(—

kT
) -I 1 

holds for a p-n semiconductor junction (6) and 

has been used to describe (22) silver and cop-

per halides. 

At large overpotentials, the Tafel form (17) 
of the Butler-Volmer equation results as 

where JL is the limiting current density. 

It is instructive to consider in further de-

tail the various processes by which material 

is transported to, and away from, the electro-

chemical interface, since it is these phenom-

ena that result in concentration polarization 

of the electrodes and in ohmic polarization 

of the electrolyte. 

For a single liquid phase, the general equa-

tion (17) for the molar flux of a species in 

one dimension is 

Eq 14 

Eq 15 

while for small values of the overpotential, 
expansion (17) of the exponential terms in 

Equation 13 gives the linear or "ohmic" rela-

tion 

The faradaic resistance is due to the charge 

transfer process, so that RF = Rc t, and the 
exchange current density, Jo, can be evaluated 

from a plot of overpotential vs current den- 

sity according to the relation 

where the terms represent convection, diffu-

sion, and migration, respectively. The con-

centration of the species is given by C, the 

linear velocity is v, and the diffusion coef-

ficient is D. Diffusion and migration are 

caused by the concentration and potential gra- 

dients, dC/dx and dV/dx. 

Figure 4 illustrates the mass transfer mecha-

nisms for the three-phase solid protonic elec-

trolyte system. The ideal-gas law gives a 

molar concentration of 

N P — = --- 
m V RT 

Eq 20 
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Eq 23 

D
g dP p 

j L,m 	RI  dx T 
2.6 CAPACITIVE EFFECTS 

2 
2F -  OS 

Eq 27 
C 	RT 

f = vA Eq 21 	 10-3 (ohm-cmY 	and an 	electric field of 

dV/dx = I volt/0.1 cm. 

where A is the cross-sectional area. Thus, 

the molar flux due to ideal-gas convection is 

P f 
J 

RI A 

Tho Jimiting molar flux of an ideal gas dif- 

) fusing through a porous electrode of porosity, 

and tertuosity, T, is given by (10,23) 

It can be clearly seen from Table I that the 

limiting mass-transfer process is due to the 

migration of charged species in the electro-

lyte. While not a polarization process it-

self, since it does not occur in the elec-

trodes, this mechanism is often referred to 

as "Ohmic polarization" because of the nature 

of this transport phenomenon. 

Eq 22 

Ionic species will migrate through the elec-

trolyte under the influence of an electric 

field, E = dV/dx, so that the molar flux of 

these ions will be 

	

zF 	dV 
J = — D

b 
 C— 

	

b RT 	dx 

where Db is the bulk diffusion coefficient. 

Equation 24 is another form of Ohm's Law, in 

which the mobility of the charged species is 

P = — D, 
RT 

so that the current density of ionic transport 

in the electrolyte is 

J b = gune E 

where the conductivity is a = (=Lun e  and no  is 

the number of charges per cm3 . 

Calculated values of molar flux density and 

electric current density due to convection, 

diffusion, and migration are given in Table I. 

The convective transport relation assumes a 

flow of hydrogen gas with P = 1 atm, T = 

I00°C, f = 100 cm3min-I , and A = I cm
2 . The 

limiting flux density due to the self-diffu-

sion (25) of hydrogen through an electrode is 

calculated for a thickness dx = 10 Pm, a ratio 

of porosity to tortuosity of p/T = 0.1, a 

pressure drop of dP = 1 atm, and a diffusion 

coefficient D = 2.0 cm
2 

s
-1 

as calculated 

frcm Equation 21. Migration of ions through 

the electrolyte assumes a conductivity of a = 

For hydrogen-conducting solid electrolytes, 

only a small amount of impedanée data have 

been reported (26). Interfacial measurements 

of oxygen-conductors have shown the presence 

of adsorbed neutral atoms at the gas-electro-

lyte interface (18), and these capacitances 

have been found to be related to the oxygen 

partial pressure by P(02) -1/2 . The electrode 

capacitance was given by 

where() is a fraction of the surface covered, 

and S is the number of possible adsorption 

sites. This determination of capacitance did 

not distinguish between the adsorption effects 

of the metal electrode or the electrolyte, but 

it was believed that both were likely to be 

adsorbants. In both cases, the sequence of 

events was thought to be dissociative adsorp-

tion on the solid surface fol  lowed  by a rapid 

diffusion toward the triple-phase line, and 
- 

then the electrochemical reaction. The capac- 

itive effects due to space-charge polarization 

have been discussed in detail (27) and will 

not be considered here. 

2.7 ELECTRODE MORPHOLOGY 

The morphology of the electrodes for two-phase 

systems is relatively simple, whether the 

electrolyte is of the liquid- or solid-state 

type. These electrodes consist of metal 

sheets, and the interfaces are, in geometrical 

terms, well defined. For three-phase systems, 

Eq 24 

Eq 25 

Eq 26 
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Eq 28 

Eq 29 

Eq 30 

It is not only the charge-transfer and mass-

transfer faradaic processes that contribute 

to the polarization of the electrode, but 

also its morphological characteristics (28). 

dmple, three reactions may occur at the anode 

(18): 

- supply of neutral chemical species 

and dissociation; 

The cathode of the Zr02 cell has been exten-

sively studied (23) in terms of structure and 

the effect of various morphologies on elec-

trode reactions. 

In the case of solid protonic three-phase sys-

tems, analyses of electrode materials (3), 

morphological properties (4), gas-phase rela-

tions (29), and polarization processes (25) 

have been made. In addition to these studies, 

experiments (30) are under way to measure 

thick-film electrode structural parameters 

such as porosity, surface area, and three-

phase line. 

The morphology of a porous electrode on a 

sol id  electrolyte has been observed to consist 

of five regions (18): 

- a porous region that allows mass 

transfer by gaseous diffusion; 

- electrode bulk material that allows 

transport by diffusion of absorbed 

material; 

- electrode surface where surface 

diffusion or catalysis occurs; 

- electrolyte surface where elec-

tronic, molecular, atomic, or ionic 

diffusion may take place; 

- electrolyte bulk that allows ionic 

diffusion from electric fields and 

concentration gradients. 

These regions and the transport paths are 

illustrated in Figure 5 for a three-phase sys-

tem. 

The processes in each of these five regions 

interact, making a precise analysis impos-

sible. Hpwever, it should be feasible to 

identify the slowest or rate-determining step 

of the overall electrode reaction. For ex- 

- oxidation or reduction (electron 

transfer); 

- transfer of ionic species across 

the electrode-electrolyte inter-

face. 

These reactions may be symbolized by the fol-
lowing equations: 

H2 + H + H 

H+ H + e- 

H+ electrode + électrolyte 

General electrode processes for three-phase 

systems are given in Table 2. 

2.8 CRITERIA FOR REFERENCE 
ELECTRODES 

An electrochemical cell can be described in 

terms of two properties (31). Thermodynamic 

phenomena arise when the cell is at equilib-

rium under the open-circuit condition. As 

seen in Section 2.2, the equilibrium cell po-

tential develops because of charge separation 

at the interfaces. Measurement of Veci  and 

dVeq/dT permits a determination of AG, AM, AS, 

and K for the cell reaction. The electrode 

where the activity ratio is known is the ref-

erence electrode. Kinetic phenomena result 

when the cell is operated under the closed-

circuit, non-equilibrium condition. This 

property is the result of the various faradaic 

and non-faradaic processes that occur in the 

cell. In this case, three electrodes can be 

used. Two- and three-probe cells are shown 

in Figure 6. 

The addition of a third probe, the reference 

electrode, allows for both a reduction in the 

electrolyte resistance and for a distinction 

between anodic and cathodic polarization ef-

fects. The electrode of interest to which an 

5 



external current or voltage is applied is 

called the working electrode (WE). Its poten-

tial is measured relative to that of the ref-

erence electrode (RE). Current is passed 

between the working electrode and the counter 

electrode (CE). 

For liquid electrolytes, the accepted primary 

reference is the standard or normal hydrogen 

electrode (17) containing components of unit 

activity, 

= 1) I H + (a = I, aqueous). 

A more common reference is the saturated calo-

mel electrode, 

Hg I Hg2  Cl 2 	KCI (saturated) 

with a potential of 0.242 volts relative to 

the standard hydrogen electrode. 

Because the reference electrode has a constant 

composition, its potential is fixed; changes 

in the cell potential are due to the working 

electrode. Thus, a good reference electrode 

must approach an ideal nonpolarizable (or non-

blocking) electrode as illustrated in Figure 

2, in which the passage of current does not 

change its potential. 

The type of reference used with liquid elec-

trolytes also depends on the application. 

Thermodynamic measurements made under open-

circuit conditions require a higher degree of 

precision than those used for kinetic studies, 

because it is the change in potential rather 

than its absolute value that is important. 

Criteria (32) for liquid-electrolyte reference 

electrodes include (I) a high exchange-current 

density (i.e., nonpolarizability); (2) a vari-

ation of potential with concentration (activ-

ity) according to the Nernst equation; (3) re-

producibility and stability of potential; and 

(4) a fast response. 

The properties of reference electrodes for 

two-phase and three-phase solid electrolyte 

systems have also been considered (33). Here, 

a number of three-probe configurations with 

wire-probe reference electrodes were dis-

cussed. It was found that the interfacial 

impedance, accounting for both faradaic and 

non-faradaic processes, must be small enough 

that the reference electrode maintains a con-

stant potential difference with respect to the 

electrolyte. It was also emphasized that 

achieving equilibrium for solid-electrolyte 

three-phase systems is much more difficult 

than for aqueous-electrolyte two-phase sys-

tems. 

Two-probe emf measurements of three-phase 

solid electrolyte systems have been described. 

Reversibility of all electrode processes, with 

minimum polarization under the measurement 

conditions, was found to be the primary con-

sideration in the selection of reference elec-

trodes (34). The necessity of establishing 

separately the degree of reversibility for 

charge transfer (activation polarization) and 

mass transfer (concentration polarization) 

effects was also suggested. Electrodes in 

equilibrium with appropriate reference gases 

were discussed (35,36) for thermodynamic meas-

urements. 

3. EXPERIMENTAL METHODS 

3.1 ELECTRODE GEOMETRY 

Figure 7 illustrates a number of electrode 

configurations that have been used in the 

investigation of zirconia and protonic three-

phase systems. 

In most cases, the emphasis of these studies 

was on kinetic measurements. Figure 7(a) 

shows a two-probe sample (37,38,39) in which 

the Pt reference electrode was the counter 

electrode for the zirconia electrolyte. The 

cell (anode plus cathode) overpotential was 

calculated from the relation 

n =  V  - IR - Veci  

In Figure 7(b), the reference electrode was a 

ceramic material in contact with a zirconia 

electrolyte (40). Platinum was sputtered on 

zirconia to produce the configuration shown 

(41) in Figure 7(c), where the area of the 

reference electrode was minimized. A platinum 

paste reference electrode located on the same 

Pt I H
2 

Eq 31 



Equivalent circuits for two- and three-probe 

electrochemical cells are shown in Figure 8. 
V 	=V 	=V 	+1 	+ 1R 
ap 	cell 	eq 	cell 	b  

Eq 35 

side of the zirconia electrolyte as the work-

ing electrode was prepared (28,42) for steady-

state, transient, and impedance measurements; 

this arrangement appears in Figure 7(d). 

A system containing two reference electrodes 

has also been reported (21), and is shown in 

Figure 7(e). The overpotential of each work-

ing electrode was determined from the relation 

n =  V  - 0.5 1Rb - Vo 	 Eq 32 

where V and Vo  were the potential differ-

ences between the working and reference elec-

trode:, at currents of 1 and I = 0, respec-

tively. The term 1Rb was the ohmic loss due 

to the electrolyte as measured with an imped-

ance bridge at 1 kHz, and the factor of 0.5 

resulted from the symmetry of the electrode 

arrangement. 

To avoid the difficulties associated with re-

producibility of results from electrodes of 

various morphological characteristics, a point 

probe (43) was chosen as a working electrode 

for the cell shown in Figure 7(f). 

Both zirconia and protonic cells (33,44) have 

been studied using a wire probe inserted into 

the electrolyte as a reference electrode; this 

design is illustrated in Figure 7(g). 

Arrangements similar in concept to that shown 

in Figure 7(g) are the configurations of Fig-

ures 7(h) and (i) (45,46), where a concentric 

wire and Ag epoxy, respectively, were utilized 

as reference electrodes. 

An arrangement that maximizes the current den-

sity of the working electrode relative to that 

of the counter electrode (47) is shown in Fig-

ure 7(j). 

3.2 EQUIVALENT CIRCUITS FOR CELLS 

symbolized by capacitances, C a  and C. The 

resistance of the bulk electrolyte is given by 

Rb. Detailed impedance analyses of the solid-

olectrolyte/electrode interface have been de-

veloped by a number of researchers (27,48,49). 

3.3 INSTRUMENTATION AND MEASURE-
MENT TECHNIQUES 

In order to understand the processes that oc-

cur in electrochemical cells, a number of 

steady-state and transient experiments can be 

performed. 

Steady-state, DC techniques include cell dis-

charge, the application of external current or 

voltage, and potentiostatic-galvanostatic ex-

periments. 

These measurement methods are shown collec-

tively with the equivalent circuit of Figure 8 

in Figure 9. An automated system for measur-

ing the cell (50) is shown in Figure 10. For 

an internally driven cell such as a battery 

or a fuel cell, a load resistor, R c, is placed 

in parallel with the cell, and the cell is 

allowed to discharge. An example of this two-

probe result is shown in Figure 11 (51). This 

discharge curve is of the form 

Vce I 1 = Vag  - (n a  + 1 c + IR ) b 

where the polarization terms n a , 1 c , and 1Rb 

are caused by processes at the anode, cathode, 

and within the electrolyte. Here, the anodic 

and cathodic overpotentials cannot be sepa-

rated; their sum, the cell overpotential, is 

measured as 

ncell = na 	nc 

When the cell is externally driven, the cell 

overpotential can be determined from the rela-

tion 

Eq 33 

Eq 34 

The terms 

processes 

occurring 

faradaic 

Ra  and Rc  represent the faradaic 

of charge transfer and mass transfer 

at the anode and cathode. Non-

mechanisms such as adsorption are 

As is the case for an internally driven cell, 

only the total cell overpotential can be found 

with this two-probe technique. 

7 



Eq 39 

Eq 40 

When it is required that the electrode over-

potentials be known separately, a three-probe 

potentiostat/galvanostat can be utilized. 

With the potentiostatic method, a current is 

forced between the counter and working elec-

trodes to maintain the desired potential of 

the working electrode relative to the refer-

ence electrode. With the introduction of a 

reference electrode, the electrolyte resist-

ance, Rb, is divided into two components, R u  

and R', where R u  is the uncompensated resist-

ance between the reference electrode and the 

interfacial impedance at the working elec-

trode. Between the reference electrode and 

the counter electrode, there remains an elec-

trolyte resistive component, R'. Potentio-

static techniques for IR compensation are 

available (52,53) for minimizing this contri-

bution. 

An alternative means of separating the over-

potential of the working electrode from the 

uncompensated electrolyte resistance is the 

use of the current-interruption technique. 

This method has been used in the investigation 

of the oxygen-ion conductor, Ce02 (28). Be-

cause of the difference in the chemical poten-

tial of the mobile ionic species between the 

electrolyte and the electrode, the charge car-

riers on both sides of the interface will 

redistribute themselves along the boundary to 

form a double layer. Application of a con-

stant current (Fig. I2(a)) from time to  to t1 

charges the double layer capacitance. Fol low- 

ing the interruption of this current, 

overpotential decays as the double layer 

charges according to the relation 

dfla) 
l (t )  =_Cdfl dt 

The time dependence of the overpotential is 

observed on an oscilloscope as schematically 

shown in Figure I2(b). 

The rapid decrease in the measured potential 

is due to uncompensated resistance of the 

electrolyte, IRu , which occurs in a time of 

'1 10-7  sec. An equivalent circuit of  this 

interface is shown in Figure 11(c). The ini-

tial value of the measured potential after the 

1 Ru drop is the steady-state overpotential, 

n(0), corresponding to the applied current, 

l ap  = 1(o), which flows just prior to the in-

terruption. It is these values of 11(0) and 

1(o) that are related by the steady-state 

charge-transfer polarization process, accord-

ing to the Butler-Volmer equation 

caerl(o)  ) 	(cerl(o)  
1(o) = I

o 
exp 	 exp 

kT 	 kT 

where a a  and a c are the anodic and cathodiC 

transfer coefficients% 

3.4 FOUR-PROBE TECHNIQUE 

An additional method, which is used in deter-

mining the DC conductivity of thin film elec-

trode and bulk electrolyte material, is the 

four-probe technique. A schematic diagram of 

the experimental arrangement appears in Fig-

ure 13. 

This configuration eliminates the polarization 

effects that may occur at the electrode-elec-

trolyte interfaces. Theoretical aspects (54) 

and geometrical correction factors (55) for 

this method have also been considered. For 

an infinitely thick sample, the resistivity 

is given by 

V 
P = 2ff a — 

I 

while for a thin sample, the resistivity is 

Irt  V 
= 

In
2 

I 

and the sheet resistance is 

R =— = 4.53 -1
V

-s t 

A summary of the two-, three-, and four-probe 

techniques for thermodynamic and kinetic meas-

urements is given in Table 3. The measured 

quantities and the separation of these terms 

into their components are also shown. 

4. DISCUSSION OF THREE-PHASE 
SYSTEMS 

The three-phase system with zirconia or pro-

tonic-type electrolytes has been measured 

using two-probe and three-probe devices. Two-

probe techniques include the discharge of an 

internally driven cell and the application of 

the 

dis- 

Eq 36 

Eq 37 

Eq 38 

8 



an externally applied DC voltage or current. 

Potentiostatic-galvanostatic and current 

interruption instruments have been used as 

three-probe devices. In this section, the 

results of some of these studies will be 

reviewed. 

Plots of anodic and cathodic overpotential vs 

log I, as obtained by the current-interrupt 

method for Ce02 (28), are shown in Fig-

ures I4(a) and I4(b). The data were fitted 

by the But ler-Volmer equation with m a  = <l c  = 

I. These results demonstrated that electrode 

polarization at both the anode and the cathode 

was controlled by a charge-transfer process at 

high partial pressures of oxygen. Concentra-

tion polarization resulted when the cathode 

was exposed to low oxygen partial pressure. 

The current-interruption method has also been 

applied (56) to the investigation of polariza-

tion effects where the electrolyte was a pro-

tonic SrCe03 material. The major limitation 

of the cell was found to be the ohmic resis-

tance of the electrolyte, while the anodic 

polarization was seen to have a negligible 

effect. Cathodic polarization was measured 

for a number of oxygen partial pressures. The 

dependence of the polarization resis
1/
tance on 
-4 

the oxygen partial pressure, R p aPo 	, sug- 
2 

gested that the rate-determining step for the 

cathode reaction was the surface diffusion of 

adsorbed oxygen atoms on the platinum elec-

trode to the electrochemically active site of 

the electrolyte. 

Cell performance and electrode polarization 

(45), as determined by two- and three-probe 

discharge measurements for the protonic con-

ductor, SrCe03, are shown in Figures I5(a) and 

(b). The total cell resistance as found from 

Figure 15(a) was 10 ohms. Anodic polariza-

tion was negligible, as seen in Figure I5(b), 

while some cathodic polarization was present. 

5. SUMMARY AND CONCLUSION 

Two-phase electrochemical cells with liquid 

and solid electrolytes have been described. 

These two systems have also been compared to 

the more complex three-phase system that is 

the cell of primary interest in the CANMET 

Advanced Ceramic Materials Project. 

Two-probe measurements were found to be re-

quired when determining the thermodynamic pro-

perties of the cell. The tworprobe technique 

was also useful for the measurement of overall 

cell performance when the separation of anod-

ic, cathodic, and electrolyte polarization 

factors was not required. 

A three-probe configuration was shown to be 

necessary for the measurement of kinetic pro-

perties when knowledge of the polarization 

components was required. The reference elec-

trode caused the solid electrolyte to act as 

a voltage divider with the uncompensated 

resistance located between the reference elec-

trode and the interfacial impedance of the 

working electrode; a second resistive compo-

nent of the electrolyte remained between the 

reference electrode and the counter electrode. 

The uncompensated portion of the electrolyte 

resistance could be reduced or eliminated by 

potentiostatic compensation methods. This 

component could also be separated from the 

working electrode overpotential by the cur-

rent-interruption method. The electrode geom-

etry of the three-electrode configuration was 

not an important factor in determining the 

electrode polarization if elimination or sep-

aration of the uncompensated electrolyte 

resistance could be achieved. 

Electrode morphological characteristics of the 

three-phase system were also seen to affect 

the cell's polarization mechanisms. 

Application of these two-probe and three-probe 

methods has resulted in the determination of 

fundamental quantities for three-phase oxygen-

ion and protonic solid electrolyte cells. 

Their use with hydrogen-conducting Nasicon and 

beta-alumina will enhance the understanding 

of these materials and their role in electro-

chemical cells. 
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Table 1 - Comparison of molar flux density and 
current density for the convection, 
diffusion, and migration processes 

Diffusion 	Migration 
Convection Fick's Law Ohm's Law 

Molar flux 
density 	1.0 x 10-4 	8.0 x 10-4 	1.0 x 10 -7  

moles 
2 

cm sec 

Current 
density2 	10 	 80 	1.0 x 10

-2 

A/c m 

Table 2 - Electrode processes for ceramic 
electrolyte three-phase systems 

Faradaic processes  
Charge transfer 
- oxidation 
- reduction 

Mass transfer 
- convection of reactant gas species through 
gas flow system 

- diffusion of reactant gas species through 
porous electrodes 

- surface diffusion of reactant gas species 
on electrodes or electrolyte 

- migration 	of 	ionic 	species 	through 
electrolyte 

Non-faradaic processes  
Chemical reactions 
Molecular dissociation 
Capacitive effects 
- adsorption-desorption 
- space charge  
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Four-probe 
lqot applicable 

Measure I 
and 

n a  + 	+ IRb 
where 

ncell = na "I-  ne 
Separates  csil and IRb 

with two-probe AC impedance 
measurement 

or 
four-probe DC measurement 
of bulk electrolyte 

Kinetic 

Table 3 - Summary of measurement techniques for thermodynamic and kinetic properties 

Property 	Two-probe  
Thermodynamic Measure \r ap , T, P 

Gives AG, K, AS, AH 

Measurement techniques  
Three-probe  
Mot applicable 

Measure I 	 Measure I 
and 	 and 
na (o) + IRu 	 V 
or 
nc (o) + IR/ u  

Separates na (o) and n c  (o) Eliminates na  and n c  

Separates n a(o) and IRu  
or 
n(o) and IRe u  

with current interruption 
or potentiostatic IRu  
compensation 

cives  cell performance Gives polarization 
mechanism of each 
electrode 

Gives Rb and P of bulk 
electolyte or R s  of 
thin-film electrode 
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