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ABSTRACT 

The measurement of a wide range of oxygen chemical 

potentials [0>4402  (1000°0) > -145 Kcal 	is described 

using an emf technique with galvanic cells incorporating 

solid oxide electrolytes. 	Oxygen chemical potentials 

associated with the two phase equilibria, Cu-Cu20, Pb-PbO, 

Ni-NiO, Fe-FeO, Eb02-Nb2051  Nb0-Nb021  Nb-NbO, are reported, 

together with data obtained in a preliminary investigation 

of the non-stoichiometric Nb205-x 
system. 

Solid oxide electrolytes based on zirconia exhibited 

significant electronic conductivity at low oxygen chemical 

potentials 2  (1000°0 < -90 Kcal.] , and under these con-

ditions it was essential to use thoriif+based electrolytes. 

The electrolytic transport properties of the thoria solid 

solutions, Th02
-
Y01.5, 

Th0
2
-La01.5 

and ThO-Ca0 as a function 

of composition and oxygen partial pressure were therefore 

examined, and it was established that the p-type conductivity 

possessed by these oxide electrolyte systems becomes 

negligible below oxygen partial pressure of approximately 

10-6 atm. At very low oxygen chemical potentials 

[9&02  (1000°0,-145 Kcal] it appears that the thoria-based 

electrolytes may also be reduced and exhibit n-type conduction. 

Evaluation of the derived thermochemical data indicated that 



this emf method is capable of great accuracy and precision 

provided certain precautions were observed, and special 

features of the cell arrangement included provision for separate 

electrode compartments, operation in purified argon or high 

vacuum atmospheres, the inclusion of 'getters', and protective 

electrode collars to promote local equilibrium at the 

electrode/electrolyte interface. Under conditions where 

the transport properties of the oxide electrolytes were not 

well defined, it was also very desirable to supplement the 

usual procedures for demonstrating electode reversibility 

by considerably increasing the resistance of the electro- 

lyte component and noting whether any change occurs in the 

observed voltages. 
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CHAPTER ONE  

INTRODUCTION 

1.A PROLOGUE 

In principle, the measurement of the electro-

mative force (emf) of a reversible galvanic cell is 

one of the most accurate methods of obtaining thermo-

dynamic data associated With chemical reactions. 

To acquire accurate data, however, it is necessary 

to observe certain precautions, many of which arise 

from the fundamental reason that a galvanic cell 

possessing a finite electrical potential, considered 

as a system, is not in a state of complete equilib- 

rium. 	If it was, the potential would be zero. 

Whenever a galvanic cell is on open circuit the 

electrons in the one electrode do not have the same 

electrochemical potential as those in the other 

electrode,•and this difference of electrochemical 

potential can only exist because the electrolyte 

phase of the cell is a very poor electronic conductor. 

The existence of the emf thus depends on the cell 

being in a state of metastable equilibrium with 
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regard to the internal flow of electrons. 

The precautions to be observed are 

pertinent to the research reported in this thesis which 

is concerned with the measurement of oxygen chemical 

potentials using galvanic cells incorporating solid oxide 

electrolytes. 	The object of. the research was to establish 

and use this electrochemical technique to determine the 

oxygen chemical potentials associated.  with such reactive . 

metals as niobium, vanadium, titanium, and their respective 

oxides. 	These systems possess a high affinity for 

oxygen and the measurment of their correspondingly low 

oxygen chemical potentials is of considerable interest. 

For example, any discussion of the gross departures from 

ideal stoichiometry exhibited by theesystems requires a 

knowledge of their thermodynamic properties, which are 

also relevant to the technical problems associated with 

the production of the pure metals and their mechanism 

of oxidation. 

A major problem in this investigation was to 

satisfy the requirement that the electronic contribution 

to the total conductivity of these solid oxide electrolytes 

remained a negligible factor, under the highly reducing 

conditions associated with very low oxygen chemical 



potentials. 	It follows that a considerable portion of 

the present investigation was devoted to a critical 

examination of the properties of solid oxide electrolytes, 

.with special emphasis on those electrolytes based on 

thoria solid solutions. 	These preliminary experiments 

also provided useful thermodynamic data for the systems 

Cu - Cu20, Pb - PbO, Ni - NiO, and Fe - FeO. 	The sub- 

sequent application of this electrochemical technique to 

systems of.low oxygen chemical potential, was confined 

to the niobium-oxygen system. 

1.B MEASUREMENT OF OXYGEN CHEMICAL POTENTIALS 

1.B.1. Definition 

The chemical potential of oxygen (II ), or o2  

alternatively the partial molar free energy of oxygenz), 

in a system is defined by the relation, 

02 	o2 = 	laTiape2 , 

where 13.!), is the standard chemical potential (i.e. the v2 

standard Gibbs free energy) per mole. 	No absolute 

value can be assigned to IL°  1  and it follows that only o2 

differences in chemical potential o2) can be determined.. 

Implicit in any reference to the measurement of a chemical 

potential in a system is the recognition that such 

measurements must in fact be relative to the chemical 

potential of a standard state, which for oxygen is usually 
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defined as the gas at 1 atm. and at the temperature under 

consideration. 

1.B.2 General techniques  

The general techniques and problems encountered 

in the measurement of chemical potentials in the hetero-

geneous equilibria associated with metal-metal oxide 

systems, are discussed in the reviews of Kubachewski and 

Evans 1 , Richardson and Alcock 2, and Chipman, Elliott 

and Averbach 3. 	In many investigations, for example, 

the Fe - FeO equilibria, it is convenient to allow a 

mixture of gases such as H2/H20 or CO /CO2 to come to 

equilibrium with the condensed phases, and then the 

corresponding oxygen chemical potential can be measured 

by analysis of the relevant gas mixture. 	However, for 

very low oxygen. potentials this technique cannot be applied 

owing to the magnitude of the equilibrium gas ratios. 

A useful method for determining extremely low 

oxygen potentials was first demonstrated by Kubachewski et 

al 4'5'6  in work on the thermodynamics of oxygen dissolved 

in vanadium, titanium and zirconium. 	The metal under 

study, for example, titanium, was treated with mixture of 

Mg/Mg0, Ca/Ca0 or Ba/BaO. 	After equilibrtiwa,the surplus 

reducing metal and its oxide were removed, and the oxygen 

content of the titanium determined by vacuum fusion. 



Obviously this technique was limited at any one temperature 

to the three oxygen potentials associated with the Mg/Mg0, 

Ca/Ca0 and Ba/Ba0 equilibria. 	However, Komarek and co-

workers7'8  recently extended the application of this 

method by combining it with an isopiestic technique. 	The 

metal specimens were held in a temperature gradient in 

intimate contact with, for example, magnesium oxide, and 

equilibrated with magnesium vapour. 	The oxygen chemical 

potentials could thus be varied along the temperatUre 

gradient by imposing an appropriate magnesium vapour 

pressure which was kept constant during an experiment by 

placing the source of magnesium at the lowest temperature 

in the system. 	The partial molar free energies of oxygen 

in the metal alloys (Ti - 0, Zr - 0, Hf - 0) have been 

studied in this way. 

The ranges over which oxygen chemical potentials 

have been determined by existing experimental techniques 

are conveniently summarised on a free energy temperature 

diagram (Fig. 1.B.1) similar to that compiled by 

2ichardson and Jeffes9, and it is immediately apparent 

that new methods must be developed to measure partial molar 

free energies of oxygen in the region -100 to -200 kilocalories. 

A method of possible application to these systems 

possessing low oxygen chemical potentials is an electro- 

chemical technique. 	The galvanic cells used by 
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Treadwell10'11 and his associates to determine the 

standard free energies of formation of A1203  and MgO 

illustrate the potentiality of this method, which is 

discussed in the following sections. 

1.B.3. Electrochemical methods.  

Commercial galvanic oxygen recorders using 

aqueous electrolytes are available, as for example, the 

Hersch oxygen meter12, which consists basically of the 

following cell: 

Pb/KOH (aq)/02, Ag 

These instruments suffer from the disadvantage that they 

must be calibrated empirically owing to the lack of 

thermodynamic reversibility exhibited by the oxygen 

electrode. 	The difficulties in achieving fully reversible 

oxygen electrodes in aqueous systems have been reviewed 

by Ives 1 . 

It has been demonstrated, however, that the 

oxygen electrode can behave reversibly when incorporated 

in certain high temperature cells and the following 

selection illustrates the wide variety of molten and - 

x The cell notation adopted in this thesis follows the 
recommendations of the I.U.P.A.C. 	Stockholm Convention13, 
(1953) 



solid electrolytes that have been used. 

Although the cells used in the early 

experiments (1905) of Haber and Moser
151  

?t, CO 	/ Tilringer glass /021  Pt. 

exhibited asymmetrical voltages; Treadwel116  in 1916 

successfully employed an auxiliary, intermediate 

porcelain electrolyte to determine the oxygen chemical 

potentials in equilibrium with a number of metal metal 

oxide systems, e.g. 
• 

Cu (s) / Cu20(s), borate melt / porcelain /021  Ag(1) 

Reference has already been made to other cells 

used by Treadwel110' 11  and his associates to determine 

the free energies of formation of A1203  and MgO, namely: 

A1(1) Na3  A1F6(1) porcelain Na3  A1176(1) 02' 	Pt. 

A1203(s) A1203(s) 

and Mg(1) MgF2(s)  EgF2(s)  02' Pt. 

Mg0 (s) Mg0(s) 

More recently, Rose, Davis and Ellingham
17 reported in 

1948 that reproducible, reversible emfs could be obtained 

for the following cells using molten electrolytes, 

Sn / Sn02  in NaOH / 02, Pt or Ag 

Pb / Pb0 in NaOH / 02, Ag. 
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Similarly, the results of Flood, Forland, and Motzfeldt18  

indicated that the concentration cell, Pt,(02, 002, N2)/ 

Nut SO4 - Na2 CO3 // Na2 SO4 - Na2 CO3  /(02, CO2' N2) Pt 

Cl1 	C2 

was reversible, and by using fixed partial pressures of 

02' CO2 and N2, it was shown that.the e.mf's obeyed the 

Nernst - relation over the composition range from pure 

Na2  SO4  to Na2  CO3. 

All the cells mentioned above, and many others, 

were critically assessed in 1957 by Kiukkola and Wagner19  

in a survey of the types of cells, involving both molten 

and solid electrolytes, which could be used at elevated 

temperatures for the determination of the free energies 

of formation of oxides, sulphides, halides, and other 

compounds. .This survey emphasised the advantages to be 

gained by the use of solid electrolytes. 	By providing 

an effective barrier to the transport of material from 

one electrode compartment to.another, solid electrolytes 

can eliminate the occurrence of 'mixed potentials', and 

do not require a non-reactive container to hold the 

electrolyte. 

Another advantage, that of simple cell design, 



was clearly demonstrated by Kiukkola and Wagner2°  in 

their experiments with several cells incorporating solid 

• electrolytes. 	The excellent results obtained with 

such cells as, 

Fe,FeO / Zr02  + CaO (solid solution) / Ni,NiO, 

stimulated the electrochemical measultment of oxygen 

activities. 	Nearly all the investigations subsequently 

reported have involved measurements of fairly high 

oxygen chemical potentials which could have been obtained 

by gas equilibration techniques as illustrated by the 

following typical examples, 

Fe,Fe0 / Th02  + La203 / FeOx + CO + CO2 
21 

Fe,Fe0 / Zr02  + Ca0 / UO2+x 
 22,23,24 

Fe,Fe0 / Zr02  + CaO / MO,MgO,MgMo03  25  

Ni,NiO / Zr02  + Ca0 / Ni - Cu,NiO 26  

In principle, similar types of cell, for 

example, Nb, Nb0 / solid oxide electrolyte / Fe, FeO 

could also be used to determine the low oxygen chemical 

potentials associated with the reactive metals, MD, V, 

Ti, Zr. 	There was, however, no information available 
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about the behaviour of the electrodes and solid oxide 

electrolytes under these highly reducing conditions when 

the present study was commenced. 

1.0 ELECTROCHEMISTRY OF GALVANIC CELLS WITH SOLID ELECTROLYTES 

1.C.1 E m f : theoretical considerations  

No new'fundamental principles are involved 

in the theoretical treatment of galvanic cells incorporating 

solid electrolytes, although it is necessary to recognise 

that the term electrolyte has a different meaning than in 

the more conventional aqueous systems. 	In the latter case 

the electrolyte is merely an ionized solute, and in the 

former the whole of the system. 

The theoretical requirements associated with 

the simple relationship, 

CG = - nEF, 

are difficult to realise experimentally in even the 

simplest possible type of electrochemical cell, as for 

example, 

Ag / AgC1 (solid) / C121 Ag, 

which is classified as a "formation cell without 

transference". 	The problems which may arise have been 
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discussed by Kiukkola and Wagner19, and may be summarised 

as follows:- 

(i) electrodes not thermodynamically reversible, 

(ii) the presence of electronic conduction in the 

electrolyte, 

(iii) mutual solubility of electrode and electrolyte 

and secondary electrode reactions, 

(iv) diffusion of a component from one electrode 

compartment to the other, resulting in a "mixed 

potential", 

(v) very low electrolyte conductivity. 

To overcome the various limitations imposed 

by these experimental difficulties, cells are often 

designed which incorporate auxiliary electrolytes. 	For 

example in the cell used by Treadwell16, 

Cu(s) / Cu20(s), borate melt ./ porcelain / 02,Ag(1) 

the auxiliary porcelain electrolyte, in the form of a. 

gas tight tube, successfully prevented both the oxidation 

of copper and the cuprous oxide by gaseous oxygen. 

Similarly, in the type of cell used in the present 
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investigation, 

Pt, / Fe,Fe0 /(Zr02  + Ca0) solid solution/ Ni,NiO / Pt. 

the auxiliary solid oxide electrolyte (Zr02  Ca0) 

suppresses the electronic conduction exhibited by the iron 

and nickel oxides, and also functions as a barrier to the 

diffusion of iron and nickel which will occur at elevated 

temperatures. 

is more evident 

FeO 
Pt,Fe 

(Zr02  + Ca0)  

of this auxiliary electrolyte 

cell is written, 

Ni0 
(Zr02  + Ca0) 	Ni,Pt.  

(Zr02  + Ca0) 

The role 

when the 

All cells incorporating auxiliary electrolytes, 

together with obvious concentration cells such as, 

   

pt,02(pi ) solid oxide 
electrolyte 02(p2)Ft' 

   

   

suffer from the disadvsntage that any attempt to derive 

an expression for their emf must consider the transfer 

of the electrolyte. constituents between different 

activity levels. 	The irreversible diffusion processes 

in these "cells with transference" tend to produce a 

separation of charge due to the different mobilities of 

the various ions. 	The separation, however, is only 

incipient since the formation of a space charge immediately 

affects the flow of charged particles in such a way as 

to restore electrical'neutrality, snd a steady-state condition 
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is established which is characterized by the existence 

of an electric field known 	0.8 the diffusion (or 

junction) potential. 	The diffusion potential is 

discussed in Appendix I, in which the.following expression 

is derived, 

E diffusion = - ti 	. 

	

0.111 	. Eq. 1.0.1 zi 

The transference number ti of each ion is defined by the 

arbitrary choice of a particular reference frame for all 

the ions. 	The relationships between such theoretically 

defined transference numbers and those obtained 

experimentally are discussed in Appendix III. 

Unfortunately, diffusion potentials as defined 

above are as indeterminate as single electrode potentials 

and the activities of individual ions, and appear as an 

integral part of the measured emf Of a galvanic cell with 

transference. 	It is often possible, however, to determine 

the conditioris under which the error introduced by the 

diffusion potential is negligible. 	These determinations 

reeuire data on the transference numbers of the various 

ions, and are illustrated by reference to the cell, 
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1 
FeO 	.I 	I Ni0 

Ni,Pt. 
(ZrO2  + Ca0) 	(Zr02  + Ca0) I (Zr02  + Ca0) 

x 	 914 I 
assumed that the solid oxide solutions adjoining 

Pt ,Fe 

It is 

each electrode in the above cell, meet in an intermediate 

boundary zone in which the composition varies continuously 

from one extreme to the other. This zone may be 

considered as being located between the two broken lines. 

In Appendix II, it is shown that the emf of any cell may 

be expressed as: 

E 	Ate4(  /ae + 

 

Eq.l.C.2 

 

where,/6: 	are the chemical potentials of the electrons 

in the electrolyte adjoining the respective electrodes 

(c4 and/3 ), and 0, e are the associated electrical 

potentials within the electrolyte. The term (0A3 - f r) 

represents the diffusion potential which is given by 

Eq. 1.C.1. for the above cell, i.e. 

t
Zr
4+ 4+ 	t

Ca
2+ 

j&Ca
2+ 	t

Fe a 
1 qc  4 2 

-1k 
rv4  

Ni2+ 	
- 

t024. "402- te. 
2 	2 
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As will be discussed later, it is known for 

the solid oxide electrolyte (Zr02  Ca0) 

• 
t02- >> tzr4+, tca2+, tpe  +' Ni2+, 

and therefore the expression for the diffusion potential 

reduces to 

("'e ue 

02- 7-- . 41,02- 	te. due  

If this equation is combined with the term 

then the following expression for the electromotive force 

of the cell may be derived (see Appendix II), 
(Ni/Ni0) 02  

E =4F 	
'12 

t ion. 	. ... . . . Eq. 1.C.3. 

(fille0) 

Also if the electronic transference number is negligible, then 

1 	1 
= 	o2 " = 27P 

RT InP02(Ni,Ni0) 1163  (Ni,Ni0) 	i? (Fe,Fe0) = - o2 	
02 	4F - n 02(Fe,Fe0) 

  

It is now possible to summarise the conditions 

which permit the diffusion potential to be neglected, and 

which allow the simple expression, 

AG = -nEF 1 
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to be applied to the cells used Lathe present study. 

(1) The general expression (Eq.1.C.2.) derived in 

Appendix II for the emf of a galvanic cell assumed 

local thermodynamic equilibrium at the electrodes. 

The cell must therefore be shown to, be reversible, 

and it is also necessary to confirm the absence of 

secondary reactions at the electrodes: 

(2) The transference number of the principle conducting 

ion in the solid oxide electrolyte must greatly 

exceed the transference numbers of the-other charged 

species present in the electrolyte, including the 

digsolved electrode congtituents, 	This GUGUfG2 that 

the diffusion potential can be neglected irrespective 

of the magnitude of the electrode solubility in 

the solid electrolyte. 

(3) It is essential to demonstrate that the electronic 

contribution to the electrolyte is negligible under 

the prevailing experimental conditions. 	This is 

particularly important as interference due to 

electronic conduction is usually more serious with 

solid electrolytes than with molten or aqueous 

electrolytes.. 
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It follows that the properties of the selected 

solid oxide electrolyte must satisfy the most exacting 

requirements, and it is therefore appropriate to consider 

the main factors which influence ionic conductivity in.  

these materials. 

1.0.2. 	Ionic conductivity 

The migration . of ions through an ionic 

crystal under the influence of an electric field is impossible 

if the crystal is perfect, and it follows that the concept 

of lattice disorder, or defects, originally developed by 

Frenke127,'Shottky,28 and Wagner,29. is fundamental to the 

study of electrolytic conductivity in ionic solids. 	The 

theoretical models- proposed for' the mechanism of ionic 

conduction are extensitrgly discussed in the review of. 

Lidiard30(1957), and the following conclusions are relevant 

to the present study. 

The intrinsic concentration (Ci moles,cm 3) of 

a lattice defect (vacancy or interstitial), i, is governed 

by an equilibrium constant of the form, Ki = expRT -AGf  

The quantity AGf represents the molar free energy of 

formation of a complementary pair of defects, i.e. 

Ci A exp -AGf 

 

2id 



Tn the presence of an electric fi
eld 0.)x 

the activation energy for motion (AGm) will be modified 

the x-direction by an amount /c- 

the valence, 7 represents Faraday's constant, and 

, where zi is 
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where A is an appropriate constant. 

The defects also move in response to thermal 

fluctuations with a jump freeuency (w), given by, 

v/ = 
RT 

where L,Gm is the increase in the free energy associated 

with the transfer of a species from its normal into  an

activated position, midway between the two sites, and 

is a characteristic vibration frequency. 

elementary jump distance between the two equilibrium positions. 

Under these conditions the following expression may be 

th obtained for the absolute mobility (.Di) of the i -species, 

' x. This expression was originally derived by ,e1.-c31  , using 
statistical mechanics. 

=,Lx The precise definition of 	one of the more difficu_,_: 
aspects of the theoretical model, and it is often taken 
as equal to the Debye frecuency. 

24x The elementary jump distance a is related to the lattice 
parameter ao, by a factor y which is determined by the 
geometry of the appropriate sub-lattice upon which the 
particular species moves, 

i.e. a= Ya 
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Bi = a2INAT  ) 

2.21) 	(  GG  
= 1-717  exPc 

In addition, the partial conductivity (6-1), 

absolute mobility (Bi) and concentration of defects (Ci), 

are related by the following equation which is derived 

in Appendix I, 

z12 e F Bi   Eq. 1 . 0. 4. 

Introduction of the exponential terms for 

Ci and Bi. gives, 

-a. e 	Bi 

The Gibbs free energies, AGf  and AGm, may 

also be replaced by the appropriate enthalpy and 

entropy 	i.e. 

zi  e 1-)•11 	+ 	A  -0  ex 	 exp 
2 2 	fAQ 

A a 

k 	 R 
/.1 

AH, 

RT 

Eq. 
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This expression may be identified with the 

simple empirical equation, 

T =617 exp. (-q/ 1 1:T,) 

by making the following assumptions, 

(i) the total conductivity is entirely due to one 

type of charged species, 

(ii) the vibration frequency,Y, is independent of 

temperature, 

(iii) the enthalpy and entropy terms are also independent 

of temperature. 

If these conditions are fulfilled then a 

plot of log (VT) as a function of the reciprocal 

temperature.should be a straight line. 	In practice a 

straight line is also obtained when log6":is plotted 

against T-1. 	The log T term is not usually important 

enough to cause measurable departuresfrom 

although its omission may lead to a slightly different 

gradient which does not possess the significance of 

/LHf A LAHm  

R 
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The required linear relationship has often 

been demonstrated for a variety of ionic solids including 

the alkali halides, silver halides, and many oxides. 

It should be noted, however, that loge—  versus T-1  plots 

may appear accurately linear when more that one mechanism 

is contributing to the conductivity. 	For example, the 

logs-versus T-1 	32 plot for KC1 	crystals appears to 

be nearly linear even though the fraction of current 

carried by the anions increases rapidly with increasing 

temperature. 	From the linearity of such curves, it 

is therefore not possible to infer the presence of only 

one conductivity mechanism or type of carrier. 

Whilst the above theoretical model provides a 

basis for the interpretation of experimental results, 

it is not, in general, able to make quantitative or 

specific predictions about particular solids. 	Attempts 

have been made to calculate the heat of formation of 

defects in alkali halidesK  which require assumptions about 

tha- coulombic (Madelung) and non-coulombic (repulsive 

x Experimental values (2.0 - 2.2 e V)33  for the heat 
of formation of Schottky defects in NaCi, derived from 
conductivity and diffusion measurements on samples of 
pure and doped crystals, are in good agreement with the 
theoretical values (1.9 - 2.1 eV)34. 
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and polarization) energy terms. 	It is difficult, however, 

to estimate the relative importance of these energy terms 

in other systems which may also possess an appreciable 

Van der Waals energy. Even more uncertainty is associated 

with theoretical calculations of the activation energy 

for migration according to the comments of Fumi and Tosi
34  

It is evident that conductivity measurements 

can only provide information about the net behaviour of 

all the charged species including electrons and positive 

holes. 	They give no indication of the concentration of 

the various charge carriers or the magnitude of the 

associated mobilities. 	Although conductivity values may. 

be  combined with the results of supplementary investigations, 

such as transference number and diffusion measurements, 

interpretation of all the relevant data is often further 

complicated due to interaction between the various defects, 

which is briefly discussed in Chapter 3. 

x The large Van der Waals energy in AgC1 and AgBr, for 
example, is probably responsible for the occurrence of 
Frenkel rather than Schottky disorder, and the relatively 
'high mobility of the silver ion in these structures. 
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1.0.3. 	Ionic transference numbers 

The various experimental methods available 

for the determination of transference numbers in solid 

materials have been reviewed by Wagner35, and the 

relatiOnships between theoretically defined transference 

numbers, ti , where 

. 
t - 
 = 6 3 

7 
1  77'. 

and those obtained experimentally are discussed in 

Appendix III. 

If data are available about the transference 

number of a particular ionic species, then the appropriate 

partial conductivity can be calculated (4CI- = 67f x ti) 

and related to diffusion measurements by means of the 

Nernst - Einstein equation, 

Di = Bi k T 

i.e. 67: Ci  z? e F 

k T 

 

1 C 6 

 

Di 

 

  

In practice, this equation has to be modified by the 

introduction of a correlation factor, fi. 	Theoretical 

correlation factors for a variety of structures and mechanisms 

have been calculated by Compaan and Haven36, and 
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experimental values have been discussed by Lideard37, 

Friauf38 and Le Claire39. 	Application of the Nernst - 

Einstein equation tacitly assumes, that the same charged 

species contributes to both ionic conduction and diffusion. 

It is obvious, however, that if mobile complexes with no 

net charge exist in the crystal, then the motion of these 

associated defects can make a contribution to diffusion 

whilst they make no contribution to conduction. 	Hence 

failure to satisfy the Nernst - Einstein equation may 

indicate the presence of interaction between defects and 

the formation of complexes. 

It is not always essential or indeed convenient 

to obtain precise measurements of ionic transference 

numbers, and it may be sufficient to merely demonstrate' 

the presence of significant electronic conduction by 

measuring the total conductivity as a function of the 

partial pressure of the anion constituent. -"For example, 

oxide systems of potential use as solid electrolytes 

possess a large energy gap between the valence and 

conduction bends. 	Although little is known about the 

defeats present in these wide-gap metal oxides as a 

function of impurity content and deviation from stoichiometry, 

or the mechanisms by which electronic charges migrate, 

it is convenient to represent the measured conductivity 
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as the sum of three terms, 

where G'  is the conductivity due to positive hole 

conduction (p-type) andCiecis the conductivity due to 

electrons (n-type). 	If the concentration of lattice 

defects is relatively insensitive to charges in the 

ambient oxygen partial pressure (as in the very stable 

	

lectrovalent compounds MgO,xi 	A1203, Th02, etc), or is 

fixed by composition as in certain solid solutions 

(e.g. ZrO2 	Ca0), then the ionic contribution to the 

total conductivity will not be a function of oxygen partial 

pressure. 	Although the possibility of a pressure-independent 

electronic component carrot be ignored, it is likely that 

such a term would only become significant at very high 

temperatures, and in general, the positive hole conduction 

will increase with increasing oxygen pressure, and the 

electron conduction will increase with decreasing oxygen 

partial pressure. 

It follows that the btal conducti-vity is 

related to oxygen partial pressure as follows, 

	

0 /c.,vic 	/ 02 	4- A2 /3 02   i.C. 7 

The valuess of n and m will be determined by the type 

of defects predominating over a given rane of oxygen 
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partial pressures. 	Thus if the total conductivity is 

a function of oxygen partial pressure, an electronic 

Contribution is implied, and the ionic transference number, 

tion , will not be unity. 

1.C.4. Electrode kinetics and polarisation 

The measurement of emf requires a finite 

current to be drawn from the galvanic cell, and when 

current is taken from such a cell the observed voltage may 

be lower than the open-circuit value due to the 

resistance of the cell and polarisation phenomena at irrevers- 

ible electrodes. 	The voltage drop due to both of these 

factors is a function of the current density and is 

obviously minimised by using a high impedance measuring 

instrument. 

The logical definition of a reversible 

electrode is one which occurs with zero overpotentialc) 

This definition, however, implies an iniirLe exchange 

current (i0) according to the relationship, 

F 
i(3 6 RT 

x This relationship has been derived for aqueous electrolyte 
systems by applying the concepts of chemical kinetics to 
electrode processes 40. 
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where i is the resultant cathodic or anodic current, 

and it follows that all real electrodes must possess a 

finitzoverpotential. 	It is more appropriate, therefore, 

to consider an electrode as functioning reversibly so 

long as the polarisation voltage cannot be detected at 

the current densities encountered in the relevant 

experiment. 

Activation polarisation depends on the 

particular rate-determining chemical and electrochemical 

reactions at the electrode, and the concentration 

polarisation involves mass transfer of reactants and 

Products. 	There is very little information about these 

Processes for cells incorporating solid oxide electrolytes, 

although Karpachev and Pal'guev41,42 have reported anodic 

polarisation in the cell, 

Pt,(CO 	002) /Zr0.85  Ca0.15  01.. 85  / Pt,(02) 

at 1020cC,with currents as low as 30011A, and interpret 

their results in terms of both concentration and 

activation polarisation. 	The pure oxygen platinum 

electrode, Pt(02), however, appears to be negligibly 

polarised even at current densities as high as 10mA.cm-2 

when incorporated into high temperature(-1000°C)solid 
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fuel cells,41'45'44and it therefore provides a convenient 

reference electrode for the examination of other high 

temperature electrode materials. 

1.D. 	ELECTROLYT13CONDUCTIVITY IN SOLID OXIDE SYSTEMS 

It is significant that the extensive review 

on ionic conduction by Lidiard3°  in 1957 did not discuss 

electrolytic conductivity in solid oxide systems, an 

omission justified by the meagre and conflicting data then , 

available. 'However, in the intervening years many oxides 

have been shown to possess either mixed conduction • 

(electronic and ionic) or predominately ionic conduction. 

Mixed conduction, for example, is exhibited by the Simple 

binary oxides", Mg046'47'48, CaOr'49  Sr0'  Al2  03 1 455° 

Zr02,51  Hf0252. 	An additional feature of the conductivity 

behaviour of all these oxides is the existence of a 

minimum in the conductivity curve when this property is 

measured as a function of oxygen partial pressure, although 

it has not been established whether the p-type conductivity 

at high oxygen partial pressures, and the n-type 

conductivity at low oxygen partial pressures is an intrinsic 

x Schmalzried 45 has reported that the binary oxides,Si02 , 
Nd203, Sc203, Sm293, Yb203 behave as PURE ionic conductors 
whenincorporated into certain galvanic cells. 
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property of these materials-, or is due to-the presence 

of very small concentrations of impurities. 	A maximum 

value for the ionic transference number (tion) is 

associated with this minimum in the total conductivity 

curve, and typical data reported for the mean ionic 

transference numbers . of the alkaline earth oxides at 

1200°C are given in the following Table 1.D.1. 

TABLE 1.D.1. 

Cell - (02' 10
-12atm)/olid oxide/Pt(02, 1 atm) 

Solid Oxide ' Be0 MgO CaO Sr0 

Nean Ionic Trans-
ference Number 0.98 i 0.95 0.76 0.67 

Galvanic cells incorporating mgo as a solid 

oxide electrolyte have been53, and are still•.being used54, 

to determine oxygen chemical potentials. 	The electronic 

component known to be present in Mg0, however, must 

inevitably make such measurements difficult to interpret. 

Although significant in simple binary oxides, 

this electronic contribution has been shown to be 

negligible in certain oxide solid solutions based on 

x Materials displaying both p-  mid n-type conductivity 
are sometimes classed as tamphotericy conductors. 
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zirconia. 	The electrolytb properties of oxide solutions 

of this type were first observed by Nernst55(1900) who 

detected the electrolytic evolution of oxygen from a 

specimen of composition Zro.85Y0.1501.925. 	In 1943, 

Wagner56 postulated that oxide solid solutions of the 

type, (Zr02)1-x  (Ca0)x and (Zr02)1-x (1.203)x are defect 

solid solutions, the defects being anion vacancies created 

to preserve lattice neutrality when either Ca2+ or Y3+ 

ions are substituted for Zr4+  ions in the fluorite-type 

structure. 	He further suggested that these oxygen 

vacancies should give rise to high oxygen mobilities. 

Hund57 confirmed this oxygen vacancy model by correlating 

x-ray and density measurements, and after demonstrating 

that the conductivity of the solid oxide solution Zr0,85 

Ca0.1501.85 remained constant when exposed to a wide 

range of oxygen partial pressures, Kiukkola and Wagner 20  

successfully used this material as an electrolyte in 

galvanic cells designed to measure free energy of formation 

of various metal oxides. 	Kingery58 et al.have 

determined the oxygen ion diffusion coefficients in 

Zr0.8> -Ca0.15°1.85' and relating these data to the total 

electrical conductivity by means of the Nernst - Einstein 

equation, they concluded that the anionic transference 
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number is virtually unity. 	The cation (Zr4+,Ca2+) 

diffusion exoeriments of Rhodes and Carter59, and 

Mobiu et al°0, confirm that the cationic transference 

number must be very smallx  and for most practical 

purposes may be neglected. 	Attempts have also been 

made by Weissbart and Ruha43. 1  and Bray and Merten61, 

to determine the electronic transference number in 

zirconia solid solutions, and these experiments indicate 

that the electronic contribution is less than 0.5% 

(i.e. tsletronic < 0.005). 	It may be concluded, 

therefore, that these fluorite solid solutions of zirconia 

satisfy the requirements specified earlier in section 

1.0.1., and application of the simple expression, 

AG = - nEF, to galvanic cells incorporating zirconia-

bamd electrolytes is fully justified. 

These excellent properties of zirconia based 

electrolytes, however,wers all determined at relatively 

high oxygen partial pressures. 	In 1958, Peters and 

At 1000%1%2-  = 1.5 x.10-7  cm2 seta (gingery et al58) 
2 -1 D 	= 	3.7 x 10-19   cm. sec. 

- (Rhodes and Carter59) 
D
Ca24. = 7.0 x 10

-19  cm.2  sec.1  extrapolated 
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Looius62 mentioned that electronic conductivity in 

zirconia based electrolytes does, in fact, become 

significant at low oxygen partial presbures, and this 

observation was subsequently confirmed in more detail 

by Schltalz-ried?3  and by results obtained in the present 

work. 

It was necessary then to consider alternative 

solid oxide solutions which might be more suitable for 

the proposed measurments at low oxygen chemical potentials. 

The extensive solid solutions formed by Zr02, Hf02, 

Ce02' and Th02 with many of the Group IIA, Group IIIA, 

and rare earth oxides are well known, and the review of 

Mobius64  contains a useful summary of the available 

information. 	In view of the greater thermodynamic stability 

of thoria compared to that of zirconia, it was reasonable 

to expect that solid solutions based on thoria would be less 

susceptible to reduction than the corresponding zirconia 

solid solutions, and thus more appropriate for measurements 

at low oxygen chemical potentials. 	The available data, 

At1000°C, 	2 (Zr/Zr02) 	- 203.9 Kcal-mole-1  

L1102  (Th/Th02) = 	234.1 Kcal.mole1  
Coughlin64 
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however, on the electrolytic properties of thoria solid 

solutions were conflicting. 	Kiukkola and Wagner20 

.had noted that the conductivities of certain thoria based 

solid solutions were dependent upon the ambient oxygen 

partial Pressure,- indicating a substantial electronic 

component, whereas Peters and Mgbius62  reported that-the 

electronic conductivity in similar thoria based electrolytes 

only became significant at high oxygen partial pressures, 

but gave no further details. 	Kiukkola and Wagner20, 

and Peters and Mann66'67 had also determined the oxygen 

chemical potentials associated with the Fe/FeO, Co/CoO, 

Ni/NiO, Cu/Cu20 equilibria, but it was not known whether 

discrepancies in their results could be attributed to the 

different cell design, or to the thoria-based electrolytes 

employed by Peters and Mann. 	No other relevant 

information about the electrolytic properties of 

alternative solid oxide materials was available in 1958 

when the present investigation was commenced. 

1.F. 	RESEARCH PROGRAMME 

The programme of research was obviously 

dictated by the need to examine the transport properties 
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of thoria-based or alternative electrolyte materials 

which might be suitable for the electrochemical measurement 

of low oxygen chemical potentials. 	Conductivity 

measurements as a function of oxygen partial pressure, 

and comparison of emf values obtained for similar 

galvanic cells incorporating either zirconia or thoria-

based electrolytes, were the methods selected to obtain 

the relevant transport data. 	In addition, it was 

envisaged that special techniques might have to be 

developed to overcome problems associated with electrodes 

possessing very low oxygen chemical potentials, and such 

features as electrode reversibility and influence of 

the gaseous environment, would also have to be investigated. 
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CHAPTER TWO  

EXPERIMENTAL DETAILS  

2.A. GENERAL 

A considerable number of preliminary experiments 

were associated with the development of such features 

as fabrication of the electrolytes, design of the emf 

apparatus, and arrangement of the galvanic cell. 	The 

Principal conclusions of these experiments are reviewed 

in the appropriate experimental section, and the 

chapter concludes with a summary of the procedures and 

precautions eventually adopted for the emf and 

conductivity measurements. 

2.B. PREPARATION OF ELECTROLYTES AND ELECTRODES 

2.B.1. Electrolytes  

An initial series of experiments were conducted 

with electrolytes prepared according to the procedure 

described by Kiukkola and Wagner2 .0 The oxide solid 

solutions were produced by careful evaporation of a 

mixed nitrate solution containing the appropriate 

'Analar' or 'G.P.' reagents, followed by heat 

treatments at 1000°C 	24 hours) and 1200°C(--24 hours). 

The oxide powders were lightly ground in-an agate 
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mortar between the two heat treatments aid at the 

completion of the 12000C firing. 	Fabrication of the 

electrolyte pellets in the form of discs, 0.5 indianeter, 

and 0.1 - 0.2 in thick, was completed by pressing the 

moistened powders in hardened steel discs at 20 tons/sq. In, 

removing the surface impurities introduced from the metal 

die, and sintering in air at 140000 for 24 hours. 

The zirconia-  and thoria-based electrolytes 

prepared by this procedure were incorporated in the cell, 

Fe,FeO / electrolyte / Ni,NiO , 

and provided suitable precautions were observed (section 

2.E.1), it was possible to record voltages which were 

in good'agreement (±2mV) with the data reported by 

Kiukkola and Wagner. 	It was noted, however, that the 

electrolyte surface which was in contact with the Fe-Fe0 

electrode rapidly became contaminated, and the'extent 

of this penetration of iron could be attributed, at least 

in part, to the porosity of the sintered pellets, the 

density.of which varied from 86 - 95% of the theoretical 
value. 	Other undesirable features associated with the 

porosity of the electrolytes such as permeability to 

gaseous molecules (02, H2, H20, CO, CO2  etc), and the 

presence of adsorbed gases, had to be eliminated in later 

experiments involving electrodes of lower,  oxygen chemical 

potentials, and it became essential, therefore, to improve 

the quality of the electrolyte pellets. 	The decision 

to use materials of greater purity (Johnson Matthey 

'Specpure' chemicals), and to examine electrolyte 

compositions containing small quantities (1 mole °,6) 

of added cation Cy3+ , La3+2+ ), also made it very 
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important to develop an alternative method of fabrication 

which would reduce to a minimum possible sources of 

contamination. 	In this connection, the technique of 

producing ceramic components by hydrostatic pressing68 '69  

had obvious advantages in that components with a more 

uniform and higher density could be prepared, and possible 

contamination of the ceramic powders by metallic 

impurities would be avoided. 	Moreover, a modification 

of this technique had been developed by Penrice2°  

which appeared to be very suitable for small-scale 

laboratory production of ceramic articles. 	In this 

method, pressure is applied isostatically to the ceramic 

powder by means of a reversible polyvinyl chloride(P.V.C.) 

gel which behaved as a liquid at high pressures. 	A few• 

trial experiments were sufficient to confirm the 

advantages of this particular fabrication process and the zY 
ancillary equipment' was designed and constructed. 	A 

Proprietary reversible gel, designated Vinamold 1028xx  

was employed throughout the present investigation, and 

the process involved preparing .mouldsfraim this material 

such that ceramic components of the required size and 

shape could be produced, after making due allowances 

x This principally consisted of a suitable metal die. 
Two of these were constructed, with internal diametetis.of 
1" and 2" respectively, from EN24 steel(nickel-chromium-
molybdenum steel) suitably heat-treated to withstand 
pressures of 50 tons/sq.in. 

x Supplied by Vinatex Ltd., Surrey, U.K. 
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for the dimensional changes associated with the pressing 

and sintering operations. 	The moulds were prepared by 

carefully heating the P.V.C. gel to 160°C and pouring 

the molten material into brass containers of appropriate 

shape and size. 	When the P.V.C. moulds had solidified 

they could be placed in the metal die as shown in 

fig. 2.B.1.a. and the oxide powder introduced into the 

bottom half of a mould. 	The top half of the mould was 

next placed in a position, 'nd  the whole assembly subjected 
to a pressure of 30 tons/sq.in. 	The hard rubber discs on 

either Side.of- the P.V.C. mould were necessary to prevent 

any plastic material from being extruded dOwn the sides 

of the steel tool pieces. 	It should be emphasised that 

a different mould was used for each electrolyte composition, 

and it was also no.6/ceaL that the quality of the pressed 

components deteriorated when a given mould was employed 
in more than  three pressing operations. 	The quality of 

the pressed component was also adversely affeCted if 

its diameter was large compared to the wall thickness of 
the P.V.C. mould, and for this reason the electrolyte 

oellets were always fabricated in a 2" diameter die. 	In 

addition to eliminating any possibility of metal contamination, 

this process had the important advantage of enabling 

more complex ceramic zhapes to be easily fabricated. 

The production of crucibles by this technique, for 

example, is illustrated in fig. 2.B.1.b. 

The only difficulty encountered with this 
method of fabrication was the tendency of certain of the 

oxide powders to become embedded in the walls of the P.V.C. 

x Typical mould dimensions required to produce a dense 
sintered (2000°C) electrolyte pellet, 12 mm diameter and 
2.5 mm thick were diameter: 18 mm; depth: 4 mm. 
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mould which caused the pellets to be pulled apart when 

the pressure was released. 	This problem was successfully 

overcome by using a poly-methyl methacrylate 

temporary binder (2-3 wgt %) for the oxide powders. 

Although the methyl methacrylate binder could be removed 

in vacuum, it was considered, more satisfactory to eliminate 

all organic material, which could also include traces of 

the P.V.C. gel, by firing the pressed electrolyte 

components in air at 1200°C. 

Preliminary experiments had indicated that the 

quality of the pellets was also improved by increasing the 

temperature of the final sintering process and a tungsten 

element vacuum furnace was therefore constructed. 	This 

apparatus is shown in fig. 2.B.2. and consisted basically 

of a water-cooled metal jacket with tungsten and molybdenum 

radiation,shields. 	A technique was devised for 

fabricating the tungsten spiral element from 1/8" diameter 

rod, and the power input to the furnace at 2000°C was 

approximately 4.5 kilowatts (250 amp. x 18 volts). 

Temperatures were recorded through a glass window with 

an optical pyrometer which was focussed on the crucible 

suspended from the top of the furnace chamber, and the 

pressure (---1x10 5  tore. at 2000°0) was registered by 

a Penning ionisation guage (Edwards Model 5M5). 	The 
electrolyte materials were placed in either pure thoria 

or stabilized zirconia crucibles with close-fitting lids, 

x This material„ dissolvedin toluene, was supplied by 
Imperial Chemical Industries Ltd., under the proprietary 
names, 'Cranko' or Bedacryl 144 TL. 	The ash content 
was > 0.01%. 

xx The crucibles were supplied by either Morgan Refractories Ltd. 
or Thermal Syndicate Ltd., and were pre-treated in vacuum at 
2000°C for. 6 hours prior to their use as containers for 
the electrolyte material. 
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and sintered for 3 hours at the selected temperature, which 

was 2000°C for the thoria-based electrolytas and 1900°C 

for the zirconia-based electrolytes. 	This high 

temperature vacuum sintering process produced very dense 

grey, or black, oxygen-deficient electrolytes which 

were converted to the stoichiometric composition by a 
further heat treatment in oxygen at 1200°C for 6 hours. 

The next step was to prepare the electrolyte 

surfaces using the appropriate grades of SiC 	paper, 

followed by a final polishing operation with 10 micron 

diamond paste. 	Traces of organic material were removed 

by washing the electrolyte in acetone or 'alcohol and 

heating to 1000°C in air ( 1 hour). 	The electrolyte 

was also subjected to an  additional vacuum treatment at 

100ftprior to being incorporated in a cell if it was 

to be in contact with an electrode possessing a low 

oxygen chemical potential. 

Developments in the techniques used to fabricate 

the electrolyte components were accompanied by investigations 

into the best procedure to prepare the oxide solid solutions. 

It was concluded from these experiments, which are 

detailed in Appendix IV, that a method based on the 

straight forward evaporation of the mixed nitrate solution 

was preferable to procedures involving co-precipitation 

of hydroxides or oxalates, even though the evaporation 

method was more laborious and required continuous stirring 

to avoid fractional crystallisation. 	The standard 
procedure eventually adopted for the preparation of the 

solid oxide electrolytes is summarised in the adjoining 



Cu - Cu 0 : 300 mesh electrolytic copper (Hopkin and Williams) 2 
and cuprous -  oxide powder (Hopkin and Williams) 

were thoroughly mixed and pressed at 10 tons/sq.in. 

in a hardened steel die. 	The pellets were 
sintered at 800°C for 5 hours in purified 

argon. 

-4-1- 

fig. 2.B.3., and spectrographic analyses of the Johnson 

I;latthey 'Specpure' chemicals employed, are included in 

Appendix V. 

2.B.2. Electrodes  

The electrodes usually consisted of an intimate, 

equimolar, mixture of two phases (e.g. metal and metal 

oxide) in the form of pellets 0.1 in. thick and possessing 

diameters of either 0.5 in. or 0.25 in. 	The smaller 

pellets were used in the lower electrode compartment and 

as auxiliary' electrodes in certain polarisation 

experiments. 

The various procedures developed for the.  

different electrode constituents are outlined below. 

Pb - Ft° : Appropriate quantities of 'Analarf lead and 

yellow lead oxide (Hopkin and Williams) were 

mixed and placed in the electrolyte crucibles. 

x Exceptions included the single non-stoichiometric phase 
Nb205-x  , and certain. Bb-Nb0 electrodes composed of various 
proportions of the metal and metal oxide phases. 
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Ni Ni0 

Fe - FeO 

Carbonyl nickel powder (Johnson Matthey) was 

mixed with nickel oxide:prepared by 
decomposition of 'Analar' nickel nitrate. 
The mixed powders were pressed at 10 tons/sq.in. 

and sintered in purified argon or vacuum 

at 900°C for 6 hours. 

Carbonyl iron powder (Johnson Matthey) was 

mixed with ferric oxide prepared by 
decomposition of 'Analar' ferric ammonium 

sulphate. 	Compacts of the mixture were 
fired in vacuum at 1000°C for 24 hours and 

then crushed and ground to a powder (<100 mesh). 

Pellets pressed from this powder were 

annealed for a further 24 hours in vacuum 

at 1000°C. 

Nb - Nb0 

(NbO-Nb02) 
(Nb02-Nb205) 
(Nb205-x) 

: Appropriate quantities of Johnson Matthey 

'Specpure' niobium metal powder and niobium 

oentoxide were thoroughly mixed and pressed 
into pellets, which were placed in pure thoria 

crucibles and fired in vacuum at 1400°C 

(Nb-NbO, NbO-Nb02) or 1200°C (Nb02-Nb205 , 

Nb205-x) for 24 hours, followed by another 

heat treatment at 1000°C for 48 hours. 	The 

pellets were subsequently ground, repressed, 
and annealed in vacuum at 1000°C for a further 

24 hours. 
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Whatever the method of preparation, all the 

electrodes possessed smnoth surfaces and did not require 

any further treatment before being incorporated into a 

cell . 	Once an electrode had been used in a cell 
however, the original surface was ground away with 
successive grades of SiC paper to expose a fresh 

polished surface for the next experiment. 

2.C. EXAMINATION OF ELECTROLYTES AND ELECTRODES 

2.C.1. X-ray investigations  

The Debye-Scherrer powder technique was used to 
check the phases present in certain of the electrode 

compositions and to determine unit cell parameters of the 
thoria solid solutions. 	Sampleg,_ taken from the sintered 
electrode or electrolyte pelletsxwere crushed, and the 

powder put into thin-walled glass capillaries. 

The x-ray photographs were taken with a Phillips 
11.45 cm. camera using copper Ka radiation and a thin 
nickel filter. 	Lattice parameter values were obtained 
by measuring diffraction lines with 2e> 100°  and 
extrapolating by the method of Nelson and Riley71  . 

2.C.2. Metallographic examination 

Na special treatment was given to the surfaces 
of the metal-metal oxide electrode pellets as_the two 
phases were clearly visible by eye, or with a low power 

x Samples for lattice - parameter measurements were taken 
from electrolyte pellets after the final vacuum treatment 
(see fig. 2.B.5). The pellets were annealed at 1000°C for 
one hour, and then cooled fairly rapidly by switching off 
the power to the vacuum furnace. 
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microscope, provided the standard procedure described in 

section 2.B.2. were followed. 

then etched with hot sulphuric acid, or thermally etched
72 

in air at 1400°C. 

2.0.3. 	Density measurements 

The electrolyte pellet was weighed in air, and then 

placed in a beaker inside a vacuum desiccator which was 

subsequently 	-: evacuated (^s10-2 torr.) Di-butyl 
ppthalate was next admitted into the beaker, and the 

pellet re-weighed whilst ouopondod in this liquid. 	By 
this technique. the apparent solid volume (true solid 

volume and volume of closed pores) was determined, and 
thus the apparent solid density could be calculated. 

2.D. E.M.F. AND CONDUCTIVITY APPARATUS 

The exploratory emf experiments were carried out 

in a silica apparatus similar to that used by Kiukkola 
and Wagner°  in which the cell arrangement simply 

consisted of tiro electrode pellets and an electrolyte 

dis pressed together between spring-loaded platinum 
contacts, with a stream of purified argon maintaining an 
inert atmosphere around the cell. However, preliminary 
measurements on cells containing electrodes with low 

oxygen chemical potentials, (section 2.E.1) soon showed 
the importance of being able- to provide separate 

The thoria-based electrolytes, however, were 

given a final polish with 1/4  micron diamond paste and 



-4.5- 

electrode compartments, and this and other desirable 
features,such as rapid assembly of the cell, operation 

in vacuum or purified argon at temperatures up to 1400°C, 

were incorporated in the final design of the apparatus 

which is now described. 

The cell and conductivity sample holder, illustrated 

in Fig. 2.D.1, could be completely removed from the main 
apparatus, and consisted principally of two fixed 
components, an impermeable ceramic tube A (0.D. 0.5",1.D. 0..4") 

and a hollow brass cylinder B. 	The ceramic component 

A was either an open-ended pure alumina tubex  or a 

closed-ended stabilized zirconia tubexl and was located 

on top of the brass cylinder by an '0' ring seal. 	The 

spring loaded alumina tube,T, situated inside the fixed 

tube, enclosed the platinum connecting wire from the lower 

electrode E, and was attached to the brass tube C with 

another '0' ring seal. 	The metal bellows D ensured that 

the spring-loaded alumina tube could still move when the 

lower part of the* metal tube C was connected via a 

further '0' ring seal to the hollow brass cylinder B. 
Purified argon entered the lower electrode compartment 
through the tube C and left through the opening at F; 

both inlet and outlet could also be connected to a 

vacuum system. 	The upper electrode: (E2) was firmly 
pressed against the electrolyte or conductivity specimen S 
by means of a horizontal alumina rod R which passed 

through two holes drilled in the wall of a small piece 

x Supplied by Morgan Refractories Ltd., 

xx Supplied by Zirconium Corporation of America,Ohio,U.S.A. 
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of alumina tube G placed on an alumina disc. .The 

arrangement was completed by attaching two alumina 
strips H which were joined to springs, to the opposite 

ends of the horizontal alumina rod. 

The assembled cell and holder were located in the 
main part of the apparatus as shown in Fig. 2.D.2. 	A 

metal framework supported the water-cooled brass cylinder 

A and the brass chamber B, and both these components 
could be connected to the same vacuum systemx  or to 

two separate supplies of purified argon. 	'0' ring 
seals C also enabled the detachable cell holder unit D 

to be incorporated in the vacuum or argon system. A 
sheath S, internal diameter 65 mm, of silica or alumina 

enclosed the upper electrode compartment which also 
contained alumina supporting tubes for the thermocouple 

(Pt/Pt-13% Rh.) and upper electrode leads (platinum). 

Connections to these wires and also to the lower electrode 
were made via platinum-glass seals P incorporated in 
the brass components A and B. A non-inductively wound 
platinum furnacexx  F could be lowered over the refractory 

sheath which was surrounded by an earthed metal screen 

(nichrome tape, or nickel sheet). 	Attempts to prevent 
oxidation of this screen using nitrogen or forming gas 
were only partly successful and it had to be replaced 

at frequent intervals. 

x The vacuum system incorporated a 2" diameter silicon 
vapour diffusion pump backed by a single stage rotary 

pump; the pressure was registered with standard Pirani 
and Penning guages. 

xxThe platinum furnace was controlled(21°C) by a Mark IV 
Kelvin and Hughes proportional instrument using a Pt/Pt-13% Rt 
thermocouple adjacent to the furnace winding. 





Once the cell had been assembled and located in 

the main appai.atus only two electrical connections had 

to be made. 	The upper electrode was connected to the 

measuring circuit by welding together two lengths of 

platinum wire at X, with an oxy7gas torch, and the 
platinum lead from the lower electrode was attached to 

the platinum-glass seal at Y. 

An impression of the complete apparatus and 

ancillary equipment may be obtained from the photograph 

reproduced in Fig. 2.1/.3. 

2.E. INFLUENCE OF GASEOUS ENVIRONMENT  

2. E. 1 Prolipin4ry pbservations, 

As mentioned earlier, the initial version of the 

cell used in the present investigation consisted of three 
pellets (two electrodes and the electrolyte) of 
approximately equal diameter and thickness pressed together 
between platinum contacts as illustrated in Fig. 2.E.2(a). 
An inert atmosphere around the cell was provided by a 

stream of argon purified by passing the gas through vertical 
columns containing Sofnalite (CO2 absorbent), silica 

gel, magnesium perchlorate, and titanium granules 
maintained at 900°C. The gas train was constructed 

entirely of glass except for the pure A1203  tube holding.the 

titanium granules. At the beginning of each experiment 
the silica apparatus enclosing the cell assembly was also 
evacuated (,,,10-3 torr.) and refilled with the purified 
argon at least twice. 
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With this simple apparatus and cell arrangement, 

excellent reproducible voltages over the temperature 

range 600-900°C were recorded for the cell, 

Ni-Ni0Ar02. Ca0(85.15 mole %)0//Cu-Ou20 
(POROUS) 

These voltages also remained constant (T• 2mV) when 

the argon flow-rate was varied from 5-100 mls/min. 

provided the temperature of the cell did not exceed 90000. 

At higher temperatures the cuprous oxide was progressively 
reduced by the purified argon and the emf values 

'gradually decreased. 

It was much more difficult, however, to obtain 

reliable consistent results for the cell, 

Fe -Fe0 
Zr02.0a8p5.15 mole %) 

Th02.Y01.5(85.15 mole %) 
POROUS 

Ni-Ni0 

   

   

The recorded voltages were invariably too low, and 
were also dependent upon the argon flow-rate as can be 

seen from the typical results reproduced in Fig. 2.E.1(a) 
for two separate cells at 900°C. 	The presence of carbon 

monoxide and hydrocarbons in the argon was indicated by 
traces of carbon deposited in the cooler parts of the emf 
apparatus and so cupric oxide (maintained at 550°C) was 
incorporated in the gas train prior to the 602 absorbent. 

The introduction of cupric oxide, which significantly 

reduced, but did not entirely eliminate, the deposition 

of carbon in the apparatus, was accompanied by a marked 
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improvement in the emf data. 	The voltage was less 

affected by changes in the argon flow-rate and the 

reproducibility of the emf values was usually 13 mV, 

although occasional experiments still produced larger 
variations. The inclusion of a liquid oxygen trap and 

calcium turnings 	(contained in a stainless steel tube 

at 600°C) in the gas purification train was attended by 
no significant change in the reproducibility of the results, 

and these items were later omitted from the apparatus. 

Attention was now directed towards the electrolyte, 

and it was found that more consistent results (11 mV) 

could be obtained if the porous' electrolyte was heated 
in vacuum (1x10 5 torr)x for several hours at approximately 

1000°C. 	When the vacuum furnace had cooled, purified 

argon was admitted, the electrolyte removed, and kept 
in an inert atmosphere until ready to be incorporated 

in a cell. 	This treatment also reduced the proportion 
of runs that had to be rejected', and presumably eliminated 

adsorbed gases in the electrolytexx  such as CO2 and H2O 

which could affect the equilibria'at the electrode/electrolyte 

interfaces by "ferrying" oxygen from the Ni-Ni0 to the 

Pe-Fe0 electrode. 	A similar improvement was noted when 

the porous electrolytes were replaced by the dense, 
impervious, pellets prepared as described in section 2.E.1. 
With these developments, and procedures designed to keep 

x The preparation of the electrodes, Fe-Fe0 and Ni-Ni0 
already included a vacuum heat treatment (Section 2.B.2) 
xx Brown and Chitty73 have reported that thoria adsorbs 
up to 201;1. of 002 per gram when fired in air at 1400°0 
and allowed to cool to room temperature. 
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the interior surfaces of the apparatus scrupulously clean 

(free from grease, fingerprints, etc), then the simple 

apparatus could be relied upon to give satisfactory 

reproducible emf values for cells incorporating Ni-Ni0 
and Fe-Fe0 electrodes. 

However, experiments with the cell, 

   

Fe-Fe0 Zr02 . Ca0(85.15 mole. /g) 
(DENSE, IMPERMEABLE) 

Cu -Cu20 

  

   

revealed further inadequacies of the simple cell design. 

Although voltages (-540 mV) close to the expected values 

could be obtained if the cell was rapidly cycled through ,  
the temperature range, it was observed that any attempt 

to maintain the cell at a constant temperature wa$ 

accompanied by a steady decrease in the recorded emf. 
The voltages were also influenced by variations in the 
argon flow-rate. 	The performance of cells incorporating 
electrodes with low oxygen chemical potential (e.g. Nb-Nb0) 
was even worse. 	The cell, 

   

Nb-Nb0 Th02.Y01.5(90.10 mole %) 
(DENSE, IMPERMEABLE) 

Fe-Fe0 

   

for example, should have developed a voltage greater than 
600 mV at 1000°C yet the maximum voltage ever recorded 
for this cell in the simple apparatus was 500 mV. 
These voltages, moreover, were very erratic and showed 
a marked dependence upon the argon flow-rate which is 
illustrated for a typical cell in Fig. 2.E.1(b). 	The 
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presence of zirconium getters in the apparatus did not 

improve the performance of the cell and it was concluded 
that the original simple cell arrangement was inadequate 

to obtain reliable meaningful data for electrodes 

possessing low oxygen chemical potentials. 

2.E.2. Modifications to cell design  

Anomalous behaviour arising from interaction between 

glavanic cells incorporating solid oxide electrolytes 

and their gaseous environment has been noted by other 
investigators262 74'75'76  Attempts to reduce these 
Spurious voltages lead Benz and Schmalzried74, for example, 
to fit their electrodes into recesses provided in the 
opposite ends of the zirconia-based electrolyte (Fig.2.E.2(b) ), 
whilst Schmalz•ried75  used a more complicated electrolyte 
design, illustrated in Fig. 2.E.2(c), for measurements 
involving the free energy of formation of various spinels. 

In the present investigation the problem was 
overcome by constructing the emf apparatus described 
earlier (section 2.D), which enabled cells with separate 
electrode compartments to be assembled. 	The-initial 
cell design of this type is shown in Fig. 2.E.5(a) and 
simply consisted of two electrode pellets pressed against 

the opposite faces of a closed and commercial lime 
stabilized zirconia tubex. 	Two separate streams of 
purified argon were provided and excellent results(I1 mV), 
which were independent of argon flow-rate, were immediately 
recorded for the cells, 

x Supplied by Zirconium Corporation of America, Ohio, U.S.A. 
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Fe-Pe0 

 

COMMERCIAL 
STABILIZED 

ZIRCONIA 

COMMERCIAL 
STABILIZED 

ZIRCONIA 

Ni-Ni0 

   

   

   

Fe-Fe0 

 

Cu -Cu20 

    

    

Low results, however, were still obtained for 

similar cells incorporating the.Nb-Nb0 electrode, and it 

was eventually established (see Chapter 3) that the 

zirconia-based electrolyte was reduced under these 
conditions and possessed a significant electronic conduct- 

ivity. 	Thoria-based electrolytes were therefore placed 
next to the stabilized zirconia tube as illustrated in 

Fig. 2.E.3(b), 	This arrangemcnt'not only pravont@c1 

reduction of the zirconia electrolyte by the Nb-Nb0 

electrode, but also eliminated contamination of the 

zirconia electrolyte tube by such electrode constituents 

as iron. 	Although emf values obtained with the cell, 

COMMERCIAL 

Nb-Nb0 Th02./01.5(90.10) STABILIZED Th02./61.5(90.10) Fe-Fe0 

ZIRCONIA 

were now much more satisfactory than voltages hitherto 

recorded for cells incorporating the Nb-Nb0 electrode, the 
values were still 30-100 mV lower than expected and not 

very reproducible. 	Some improvement in the cell performance 
was achieved by passing a small current (1011A for 3 hours) 
through the cell at 900°C in such a direction as to transfer 
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oxygen from the Nb-Nb0 electrode to the Fe-Fee electrode. 

The cell was allowed to come to.  equilibrium overnight, 

and the voltages subsequently recorded as the cell was 
cycled through a range of temperatures (700 - 1000°C) 
were fairly reproducible (125 mV). 

Much more significant was the improvement associated 
with the pressure of 'getters' in the upper electrode 

compartment. 	Provided the 'getter' had a greater affinity 
for oxygen than  the metal constituent o'f the electrode 

(i.e. Nb), then the cell'behaved very well indeed, and 

the reproducibility of the recorded voltages attained 
1-10 mV. 	Small strips of titanium or zirconium, as well 

as titanium granules, were successfully used, whereas the 
inclusion of strips of iron or nickel did not improve the 

cell performance. 	The consistency of the data was further 

improved (12 mV) in subsequent experiments, reported in 

Chapter 5, with different electrolyte compositions. 

The cell design now appeared adequate to determine 

low oxygen chemical potentials and was subsequently 
adopted by Markin and his associates at A.E.R.E., Harwell, 
to measure the partial molar free energies of oxygen 
associated with the non-stoichiometric U024.x  77  and 
Pu02-x 78 phases. 	It was further modified, however, in 
the present investigation to avoid the necessity of using 
expensive commercial stabilized zirconia tubes. 	This 
arrangement is illustrated in Fig. 2.E.5(c), and consisted 

of an impermeable pure alumina tube surmounted by a dense 
impermeable thoria-!based electrolyte pellet prepared by 



the method discussed in section 2.B.1. 	The top surface 
of the alumina tube and the electrolyte disc were highly 
polished (1/4  micron diamond paste), and when pressed 

together provided an effective seal between the two 
electrode compartments. 	This was confirmed by successful 

experiments with cells incorporating electrodes with low 
oxygen chemical potentials, such as Nb-Nb0. 

2.E.3. Vacuum operation  

The improvements associated with the introduction 
of 'getters' in the upper electrode compartment suggested 

that the stream of purified argon was not very effective 
in removing the adsorbed gases released as the apparatus 
was heated. 	Experiments were therefore conducted in 
vacuum (1x10-5  torm.. at 1000°C) using the final cell 
arrangement described in the previous section, with an 

Nb-Nb0 electrode in the upper electrode compartment. 
Provided the apparatus had been thoroughly degassed at 

the highest temperatureased in the investigation, then 
voltages identical (< -11 mV) to the values recorded in 
the purified argon were obtained in the presenceof Ti or 
Zr getters. 	If these latter components were absent 

the cell performance was poor, and low irreproducible 
voltages were recorded. 

It was possible, moreover, to change from vacuum 
to a purified argon atmosphere whilst the cell was 
maintained at high temperature. 	The introduction of 
the purified argon was always accompanied by a decrease 

in the emf value which was only regained after 30-60 mins. 
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Very little change in the cell voltage, however, was 

observed when the vacuum was re-applied. 	Typical results 

for this sequence of events are reproduced in Fig. 2.E.4. 

for the cell, 

Fe-Fe0 Th02.Y01.5  (90.10 mole %) 

( DENSE IMPERMEABLE) 
Ni-Ni0 

   

During a series of experiments in vacuum (without 

getters) itwas observed that the voltages of the 

symmetrical cell, 

   

Ni-Ni0 Th02.Y01.5 (90.10 mole %) 

(DENSE, IMPERMEABLE) 

Ni-Ni0 

   

   

never exceeded ±1 mV over a period of 24 hours at 1000°C, 

although when the experiment was continued for a further 24 

hours the asymmeti:ical voltages gradually increased to 

20 mV. 	Subsequent examination of the pellets revealed 

that the electrode in the upper compartment had undergone 

slight surface reduction. 	Similar symmetrical cells with 

Fe-Fe0 electrodes could be maintained at 1000°C for 48 hours 

without any obvious deleterious effects, and the associated 

voltages were never greater than I1 mV. 	However, the 

incorporation.  of a small piece of titanium strip in the 

upper electrode compartment produced asymmetrical voltages 

of 20-30 mV. after about 6 hours. 	The spurious voltages 

recorded for both these electrodes could be reduced to 

acceptable values (±1 mV) by surrounding the electrode 

in the upper compartment with a protective collar composed 
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of the same material as the electrode. 	It was obviously 

desirable, therefore, to include any feature in the cell 

assembly which could promote local equilibrium between 

an electrode and its immediate gaseous environment, and 

it became standard procedure to include a protective 

collar around the upper electrode, and• material of appropriate 

composition was also placed adjacent to the lower electrode. 

Fig. 2.E.3(d) therefore represehts the final cell design 

eventually adopted for experiments in either vacuum or 

purified argon. 

During the present investigation, other workers 

also reported experiments with galvanic cells incorporating 

solid oxide electrolytes using high vacuum atmospheres. 

Although Rapp79 concluded that the use of a high vacuum 
atmosphere may prove generally unsuitable for cell 
measurements involving low oxygen chemical potentials, 

many apparently successful experiments in vacuum have been 

described by Rezuhina et a25,80,81 In particular these 

Russian workers demonstrated the possible advantages of 

high vacuum operation by measuring the free energy of 

formation of iron aluminate by means of the cell,
81 

Fe,A1203, Fe A1204 

Earlier measurements 

Fe,A1203, Fe A1204 

by Schmalzried75  had 
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of the left-hand electrode (anode) with impurities in the 

inert gas surrounding the cell assembly. 

2.E.4. Gaseous electrodes  

.The provision, in the final design of the apparatus, 

for separate electrode compartments enabled cells to be 

constructed with gaseous, electrodes. 	The arrangement 

of these cells was similar to that shown in Fig. 2.E.3(a) 

with a closed end stabilized zirconia tube as the electrolyte. 

The upper electrode simply consisted of platinum gauze 

pressed against the top of the zirconia tube, and the 

lower electrode was either another platinum gaseous 

electrode or an appropriate metal-metal oxide such as 

Ni-Ni0 or Fe-Fe0. 

Employed as an oxygen meter this cell design was 

used to check the oxygen content of the purified argon, 

and oxygen partial' pressures in the range 10
-14 - 10

-16
atm. 

were usually recorded. 	A similar galvanic oxygen meter 

with a stabilized zirconia electrolyte has been described 

by Weissbart and Ruka.82 

The same cell arrangement, incorporating a pure 

oxygen electrode, was also used to obtain data on the 

thermodynamics and electrode kinetics of Fe-Fe0 and Ni-Ni0 

mixtures which were extensively employed in the present 

investigation as reference electrodes. 	These experiments 

are described in Chapter 4. 
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EMF MEASURBIE7U3 

(1013 ohms), low capacity (20pF), vibrating condenser 

electrometer", the principles of which have been described 

by Palevsky et al.83 One electrode of the cell was 

connected to the appropriate insulated "high" terminal 

on the instrument with screened non-microphonic co-axial 
cable. 	The other side of the cell, together with the 

metal screens used to prevent electrical pick-up, the metal 

components of the apparatus, and the metal outTcasing 

of the electrometer, were all joined::to a common earth 

point by thick copper wire. 	As mentioned earlier in 

section 1.C.4. it was essential to use a very high 

impedance instrument for emf measurements on cells 

possessing a high internal resistance or electrodes which 

were easily polarised (e.g. Nb-Nb0), and it was equally 

important to ensure that the remainder of the measuring 

circuit was also adequately insulated to prevent any 

small currents leaking to earth. 	The insulation when 

the apparatus was heated to 1000'C, was therefore regularly 

tested with a Uegger to ensure that the resistance to 

earth always exceeded 108 ollms. 

A series of millivolt ranges were available on the 

electrometer, and the precision of the recorded voltages 

varied from ±5 mV on the 0-1000 mV range to 0.1 mV on' 
the lowest range 0-10 mV. 	As many of the cells developed 
large voltage (e.g.,-,650 mV for cells incorporating 

x Model 33B Vibron, Electronic Industries Ltd., U.K. 

Cell voltages were measured with a high impedance 
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Fe-Fe0 and rib-Nb0 electrodes), it was therefore desirable 

to bias-  the instrument so that emf values could be registered 

with greater precision on one of the lower ranges, and 

the 0730 mV 	mV) range was usually selected. 	The 

accuracy of the measured voltages at the higher temperatures 

was also checked by a Tinsley potentiometer model 3184D 

(precision ±0.1 mV), and it was soon established that 

this particular potentiometer was also suitable for 

measuring voltages as low as 600°C for cells .incorporating 

zirconia-based electrolytes, and 800°C for cells 

incorporating thoria electrolytes and low oxygen chemical 

potential electrodes. 	Below these temperatures the 

response of the potentiometer was very poor; the 

accuracy of the measurements progressively decreased and 

it became essential to use the electrometer, 	The precision 

of the emf measurements thus varied from ±0.1 mV at the 

higher temperatures to 710.3 mV at the lower temperatures. 

It was also necessary to establish that the 

recorded cell voltage was reversible. 	This was usually 

done by passing a small current (1-1011A) through the cell 

for one minute and noting whether the original emfralue  

was regained. 	The procedure was then repeated with the 

current flowing in the reverse direction. 	More extensive 

polarisation experiments were conducted with certain 

electrodes in which the voltage was continually recorded, 

with the aid of an auxiliary reference electrode, whilst 

the polarisation current was flowing through the cell. 

x This was accomplished by using a potentiometer to 
impose a known voltage on the electrometer and adjusting 
the millivoltmeter to register zero. 
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The circuit and cell assembly for these experiments are 

illustrated in Fig. 2.F.1, and the associated polarisation 

data are discussed in the appropriate section devoted to 

the relevant electrode equilibria. 

Asymmetrical voltages were another possible source 

of erroneous data and cells composed of identical 

electrodes were therefore examined to provide information 

about these spurious voltages. 	This type of cell has 

already been mentioned in connection with vacuum operation 

of the apparatus (section 2.E.3). 	'/hen electrodes possess- 
ing high oxygen chemical potentials (Fe-Fe0, Ni-NiO,Cu-Cu20) 
were incorporated in the final cell design and shielded 

by additional electrode material (fig. 2.E.3(d) ), then 
the asymmetrical voltages were found to be negligible 

(< 0.5 mV) provided the cell had first been heated above 

a certain minimum temperature, which was approximately 

600°C for the Cu-Cu20 electrode and 700°C for the Fe-Fe0 
electrode. 	Below these temperatures, large asymmetrical 
voltages, which varied from 10-100 mV, could be observed 
as the cell was heated. 	Asymmetrical voltages as high 
as 2 mV were often recorded with electrodes possessing 

very low oxygen potentials (e.g. Nb-Nb0) even when the 
cell had been maintained at 1000°0 for several hours, and 

much larger voltages (10-20 my) often persisted until the 
cell temperature had exceeded 900°C. 	A related feature 
which was occasionally observed with such cells as, 

Nb-NbO/thoria-based electrolyte/Fe-Fe0 
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concerned the different emf values that could be obtained 

by initially earthing the anode (Nb-Nb0 electrode), and 

then switching the connections so that the cathode 

(Fe-Fe0 electrode) was earthed. 	Normally the voltage 

agreed better than ±1 mV, but occasionally discrepancies 

of up to 5 mV could be recorded and the experiment was 

terminated. 	A satisfactory explanation of these spurious 

voltages, and the inability of the electrode to function 

reversibly until the cell temperature had exceeded some 

empirical value, is impossible at present due to lack 

of information about the relevant electrode kinetics. 

2. G. CONDUCTIVITY MEASUREMENTS 

Two-terminal A.C. conductivity measurements were 

made on the dense impermeable electrolyte pellets in the 

apparatus described in section 2D. 	The shape of the 

available samples made two-terminal measurements inevitable, 

and consequently an A.C. technique was more appropriate in 

view of the electrolytic nature of the zirconia and thoria 
solid solutions. 	In the initial experiments alByer of 

platinum' was applied to the opposite faces of the 

electrolyte pellets which were then fired in air at 1000°C, 

before being pressed between platinum foil contacts. 

However, later experiments indicated that similar results 

could be obtained without a preliminary application of 

platinum and this treatment was subsequently omitted. 

x Platinum paste supplied by Engelhard Industries Ltd., 
(Hanovia Ceramics Division), London, U.K. 
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Adequate contact was ensured by giving the electrolyte 
surfaces a final polish with 1/4  micron diamond paste, 

and annealing the assembled electrolyLe sample and 
platinum foil contacts for 24 hours at 1000°C prior to 
making any measurements. 

Conductivity data were recorded in the range 
700-1050°C and the samples - were maintained at the 
selected temperatures until consistent values were obtained, 

a procedure which usually required 1-3 hours. 	Every 
sample was exposed e to threeaifferent oxygen partial 
pressures and on each occasion was cycled through the 
temperature range at least twice. 	The appropriate 
oxygen partial pressures were provided by pure oxygen 
(p02 	1 atm.), argon dried with magnesium perchlorate 
(p02  = 10-6 atm.), and forming gas (H2  content: 10%) 
saturated with water-vapour at 20°C (pc)  =,,-,10

-15
atm. 

at 10009C). Whenever the oxygen partial pressure inside 

the apparatus was changed the specimen was equilibrated 
for 24 hours at 1000°C before continuing the conductivity 
measurements. 	In addition the two lower oxygen partial 

-r 
pressures (10 ° and 10-15 atm.) were periodically checked 
with the oxygen gas meter already described (section 2.E.4). 

A series of measurements with a variable frequency 
(200-30,000 c.p.s.) A.C. resistance bridgex  established 
that the A.C. frequency used in the measurements was not a 

x '--Ohis instrument was assembled in the laboratory and 
incorporated variable capacitors and resistors which could 
be adjusted until a cathode ray oscilloscope indicated 
the balance point by displaying a horizontal linear trace. 
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significant variable provided the frequency exceeded 1000 c.p.s. 
Below 1000 c.p.s., the conductivity values decreased 

as the A.C. frequency was reduced. 	Typical conductivity 

values for a Th02.Y01.5 (85.15 mole %) electrolyte as a 

function of the applied frequency are shown in Fig. 2.G.1. 

A fixed frequency (1592 c.p.s.) A.C. resistance 
bridge,-'however, was more readily available and the 

conductivity data reported in Chapter 3 was obtained with 
this instrument. 

2.11. STANDARD PROCEDURES AND PRECAUTIONS 

Nearly all the emf data reported in subsequent 
chapters were obtained using the apparatus described in 

section 2.D, and the final cell design illustrated in 
Fig. 2.E.3(d). 	The principal procedures and precautions 

involved in these emf measurements are summarised below, 

and details of typical experiments 'incorporating a variety 
of electrodes and electrolytes are reproduced in Appendix VI. 

A few results associated with different cell designs are 
also discussed in later chapters, and details of the 

experimental arrangements and procedures are:included in 

the relevant sections. 

x Cintel capicitance-resistance bridge Type 1862 supplied 
by Cinema-Television Ltd., London, U.K. 



2.H.1. Apparatus  

(1) The argon purification system was periodically checked 
using the, oxygen gas meter (section 2.E.4). 	If the 
oxygen partial pressure in the argon exceeded 10 2atm. 

then the reagents (titanium granules, magnesium 

Perchlorate, etc) in the gas train were replaced, 

and the apparatus examined for leaks. 

(ii) The apparatus was thoroughly degassed at the highest 

operating temperature (11000C), and purified argon 

was always admitted prior to exposing the interior 

of the apparatus to the laboratory atmosphere. 

(iii) The apparatus was only exposed to the laboratory 

atmosphere when a cell was being dismantled and a 

new cell assembled. 	This operation required 
approximately 30 minutes, and great care was taken to 
avoid leaving grease or fingerprints on the interior 

surfaces of the apparatus. 

(iv) Correct operation of the apparatus and measuring circuits 

was regularly tested by incorporating a 'standard' cell 

in the apparatus, i.e., 

Ni,Ni01 Zr02. Ca0 (85.15 mole /0)1Cu,Cu20 
or 	Fe ,FeO I Th02. Y01.5(85.15 mole %)ki ,Ni0 , 

and occasionally a symmetrical cell, 

Fe Fe01 Th02.Y01.5(85.15 mole %)IFe,Fe0 
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was also used to check that no spurious voltages were 

being developed in the apparatus. 

(v) The electrical insulation was periodically checked with 

a Beggar. 

(vi) The cell thermocouple and platinum electrode leads 

were replaced at frequent intervals. 

(vii) If 'getters' were to be incorporated in the apparatus 

then a new piece of titanium or zirconium foil was 

used for each experiment. 

2.H.B. 	Experimental procedure  

(i) If appropriate, the cell components were treated in 
vacuum before being incorporated in the cell assembly. • 

(ii) For argon operation, the apparatus was evacuated and 

refilled with purified argon (twice), and then both 

the argon flow-rates were adjusted to 50 mls/min. 
The normal heating schedule consisted of raising the 

temperature of the cell to 200°C in 2 hours, and then 
allowing the temperature to slowly increase to 65000 
overnight. The following day the temperature was 

further increased to 900°C over a period of two hours. 

(iii) The above heating schedule was also usually followed 

for vacuum operation, although an additional condition 

was imposed in that the pressure registered by the 

Penning guage should not exceed 7 x 10-5 torr., and so 
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occasionally the heating-rate was slower. 

tiv) It was normal practice to wait until the cell had 

reached 900°C before any measurements were taken. 
Thereafter emf values were recorded at approximately 
15 minute intervals until the cell had attained 
equilibrium. 	The cell was then checked for reversible 

behaviour, and for argon operation it was also necessary 
to demonstrate that the voltage was independent of the 
gas flow-rates which were varied between 10-100 mls/min. 

(v) Emf values were subsequently obtained at approximately 
50°C intervals, with the cells being maintained at 

the selected temperatures from 2-24 hours until 
reproducible values were recorded. 	A cell was usually 

cycled through the temperature range at least twice, and 

again checked for reversible behaviour at the lowest 
temperature involved in the emf measurements. 
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CHAPTER THREE 

PROPERTIES OF THORIA - BASED ELECTROLYTES 

3. A X-RAY, DENSITY, AND CERAMOGRAPHIC EXAMINATIONS 

3.A.1 	General structural considerations  

Pure thoria and the thoria solid solutions 

employed as electrolytes in the present investigation, 

possess the fluorite structure. 	In this structure 

(fig. 3.A.1) the anions are arranged in simple cubic 

packing with half the interstices filled by cations. 

This gives rise to a unit cell (114X8) in which the cations 

are characterised by face-centred cubic packing with a 

space at the centre (14, 1h, 14) corresponding to the 

unfilled interstice in the simple oxygen lattice. The 

resulting 8:4 co-ordination is only found in the 

fluorite structure. 

It is interesting to note that neutron 

diffraction studies on UO2 and Th02 carried out by 

Willis84  have lead to the suggestion that as the 

temperature increases, the oxygen ions tend to be 

1 displaced from the fluorite-type sites at 4, 7, 
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towards the large interstial holes at 14t, fz, 'h. 

When the Th4+  ion in Th02 is replaced by an 

aliovalent cation (Y3; La
3 1+  Ca2+  ) charge neutrality may 

be restored by one of two structural schemes; 

(i) the cation sub-lattice is completely filled and 

the appropriate number of anion vacancies are 

created, 

(ii) the anion sub-lattice is complete, and the 

excess cations occupy interstial sites. 

To distinguish between the two models, the appropriate 

theoretical densities were calculated using lattice 

parameters derived from x-ray measurements. 	These 

theoretical densities were then compared to the 

experimentally determined densities of the relevant 

sintered pellets. 

3.A.2 Th02  - YO1.5 solid solutions  

Yttrium oxide crystallises with the C-type 

rare earth oxide structure (M4X6). 	This structure 

is closely related to that of the fluorite structure 

(M4X8), from which it may be derived by an ordered 

omission of one-quarter of the anions, followed by a 

slight re-arrangement of the remaining ions. This 
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structural similarity results in extensive solid solution 

in the_systen, Th02.Y01.5, and Hund and Mezger85  have 

reported that approximately 30 mole % Y01.5  is soluble 

in Th02 at 1200
o
C. 

Four of the five compositions (4, 10, 15, 25 mole % 

yo
1.5

) examined in this series sintered extremely well 

to produce very dense impermeable pellets, which were 

always very translucent and often contained completely 

transparent regions. 	Pellets prepared from the fifth 

composition (Th02.Y01.5  99.1 mole %) dnd from pure Th02, 

however, were usually opaque due to the presence of a small 

amount of closed pore porosity, which was responsible for 

the slightly low density values reported in Fig. 3.A.3. 

The lattice parameter measurements* for-the solid 

solutions are summarised in Fig. 3.A.2. as a function of 

composition and can be seen 

* X-ray measurements on the two compositions 4 and 25 

mole% Y01.5 were made by P. K. R. Moody, Met.allurgy 

Department, Imperial College. 
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to be in reasonable 	agreement with the results 

reported by Hund and Mezger8 .5 The associated theoretical 

densities for the two structural models mentioned in 

the preceding section (3.A.1) are reproduced in fig. 3.A.31  

as a function of composition, together with the measured 

densities of the.  sintered pellets. 	On the basis of 

this data it is reasonable to conclude that Th02.Y01  

solid solutions have fluorite-type structure with a 

filled cation sub-lattice and anion vacancies. 	These 

solid solutions can be represented by the formula 

Thi _x  YX 02_x  and if the simple defect model is valid, 

then the percentage of vacant anion sites, fixed by 

composition, equals x 100 %. 

.A.3 Th02  - La01.5 solid solutions  

In the temperature range, 1500-1400°C, it 

appears that Th0 can accommodate about 50 mole % La° 

in solid solution,86,87 with the formation of a 

corresponding number of anion vacancies. 	Two electrolyte 

compositions were prepared in this system, 10 and 15 

mole % Y01.51  and although samples were not subjected 

to x-ray and density measurements, the sintered pellets 

were almost transparent which indicated that the 

residual porosity was very small. 
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.A.4. Th02 
 - CaO solid solutions  

The ionic radii of Th4+ and Ca2+ are very 

similar. For six-fold co-ordination both Pauling
88 

and Ahrens89 suggest the following values: 

Th4+ 
	

1.02 A° 
Ca2+ 
	

0.99 A° 

It follows that the unit cell dimensions of the Th02 
lattice will only be slightly modified when the Th4+  

ion is replaced by Ca2+, and consequently it is 

difficult to establish the extent of the solid solution. 

Curtis and Johnson90 suggested that the maximum 

solubility of calcium oxide was at least 12.5 mole %, 

whereas Mobius et a191 have reported that the solid 

solution is limited to approximately 8 mole % CaO at 

1600°C. 

The sintered electrolyte pellets of the three 

compositions, 1.5, 5, and 15 mole % CaO, studied in the 

present investigation, were very dense, translucent, 

and contained only a few very small closed pores. All 

the x-ray diffraction lines could be indexed on the 

basis of a fluorite structure, and the lattice parameter 

(5.598 10.001 A) derived far -the 15 mole %Ca° composition 

was almost identical to that obtained for pure Th02  crystals 



(5.597 I0.001 I) . 	There was also no evidence for a 

.second phase when polished specimens were examined under 

the microscope using reflected light. 	These observations 

support Curtis and Johnson's90 suggestion that the maximum 

solubility of calcium oxide is at least 12.5 mole %. 

If the solid solution is represeated by the 

formula Thi _xCvi...:±s then the percentage of anion 

vacancies determined solely"by the composition equals 

x 100%. 

3.B. 	CONDUCTIVITY MEASUREMENTS  

5.B.1. Preliminary comments  

Conductivity measurements were made on two 

samples of each electrolyte composition involved in the 

present investigation. 	The results usually agreed 

with10%, which was considered sufficiently accurate for 

these preliminary experiments and a best straight line, 

determined visually, was drawn through the plotted data. 

If the discrepancy for a given pair of samples was greater 

than1014, measurements were made on additional specimens, 

and all the results were used in the final assessment. 



The data were analysed by plotting the logarithm of the 

specific conductivity against the reciprocal of the • 

absolute temperature as required by the empirical Arrhenius 

type equation: 

675-  exp (ET 

Typical results at three oxygen partial 

pressures, are shown in fig. 3.B.1 for two samples of 

Th02.Y01.5 (85.15 mole %), and in fig. 3.B.2 for one 

specimen of Th02.Y01.5  (99.1 mole %). 	All the 

conductivity data is summarised in Tables3X42.:and3.C.3:(p.'86-7) 

which list the relevant activation energies, pre- 

exponential factors, and associated errors, as a function 

of composition. 

In the introductory discussion on ionic 

conductivity (section 1.C.2), it was suggested that it 

was more meaningful to plot logr-'T), instead of just 

logr-as a function of the reciprocal of the absolute 

temperature. 	This has been done for the conductivity 

results obtained in oxygen for the two specimens of 

composition, Th02.M1.5(85.15 mole %). 	The values are 

plotted in fig. 3.B.3. 1  and the data can be represented 

by a linear equation possessing an activation energy of 

26.3 t  2.5 k cals., which is not significantly different 
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from the activation energy 24.5 ±2.5 kcal. obtained by 

simply plotting log 'against 1/T (fig. 3.B.1). 	It 

appeared then, that no special advantage was to be 

gained in using the function log(C:T), and as nearly 

all the relevant activation energies reported in the 

literature had been determined from simple log 6- V - 
1 /T plots, the same procedure was adopted in this 

investigation. 

The results obtained for each electrolyte 

system are next considered separately. 

3.B.2 ZrO2  Y01.5  system 

Only one composition, 20 mole % Y01.5, was 

examined in this series, and the relevant data, together 

with valuesx obtained in two other investigations,92,93 

can be represented by the straight line reproduced in 

fig. 3.B.4. 	Taking into consideration the slightly 

different compositions and the known variation of 

x Strickler and Carlson92employed a two-point 
A.C.(1000 c.$) technique. 
Dixon et al, 

a 
 used a four-point A.C.(1000 c.p.$) 

method. 
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conductivity with composition (section 3.0.3), then both 

the magnitude of the conductivity values and the 

associated activation energies are in good agreement, 

and provide evidence of the reliability of the conductivity 

values measured in the present investigation. 

3.B.3. Th02  	Y01.5   system 

The present investigation appears to be the 

only systematic study of the electrical conductivity 

of this oxide solution as a function of both composition 

and oxygen partial pressure. Conductivity measuremend5'94195  

carried out in air, however, have been reported for a 

number of selected compositions, and these data are 

compared•in Fig. 3.B.5, at the two temperatures, 800 and 

1000°C, with values obtained in the present work in an 

atmosphere of pure oxygen. 	Differences in specimen 

density and purity undoubtedly account for the considerable 

spread of results recorded in fig. 3.B.5. 	For example, 

the pellets used by Hund and rezgar85 were only sintered 

at 1400°C, and although Subbarao and Sutter94  achieved 

densities 96-98% of the theoretical values by sintering 

at 2200°C, they employed materials which were less pure 

than those used in the present research. 
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All the investigators noted that the 

specimens were coloured. 	The intensity of the colour 

'deepened with increasing yttria content, and varied 

from yellowish-cream (i^J10 mole % Y01.5) to reddish 

or chocolate-brown (0%030 mole % Y01.5). 	In the 

present study, pellets containing 10 mole %Y01.5 and 

above also exhibited a slight.yellowish colouration when 

they were heated in air or pure oxygen; this colour, 

however, disappeared upon heating in argon or vacuum 

at 1000°C, resulting in white transluscent pellets. 

It is possible that rare-earth impurities (e.g. Tb407) 

known to be present in the "Specpure" yttria, were 

responsible for this colouration. 

The electrical conductivities of all the 

Th02.Y01.5 compositions examined were a function of 

oxygen partial pressure, and this dependence at 1000°C 

is illustrated in figs. 3.B.6 and 3.B.8. 	These 	results 

conflict with the observations of Markin et a196 who 

have reported that the conductivity of the electrolyte 

Th02.Y01.5(85.2/14.8 mole %) was independent of oxygen 

partial pressure when the latter was varied between 

1 atm. and 10 34 atm. at 1000°G. 	These workers 

employed materials of similar purity (Johnson Matthey 
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'Specpure' reagents), but employed a different technique 

to fabricate their conductivity samples in that powdered 

'platinum was mixed with portions of the electrolyte 

powder,prior to pressing and vacuum sintering at 1650°C, 

to provide low-resistance contacts which were an integral 

part of the electrolyte pellet. 	It is possible, 

however, that this procedure could introduce metallic 

impurities into the electrolyte sample and so produce 

erroneous conductivity values. 

3.B.4 	Th02. La01.5  system 

Two compositions were examined in this series, 

10 and 15 mole % La0. -. 	The conductivity values for 

these electrolytes were about 10% (0.08 on the log10  scale) 
higher than the corresponding Th02.Y01.5  compositions, 

otherwise their properties were almost identical to 

the Th02.101.5 solid solutions. 	The same pattern of 

oxygen partial pressure dependence was followed, and a 

slight yellowish colouration was again evident when 

the specimens were heated in pure oxygen or air. .ileat 

treatment at 1000°C in argon or vacuum (i.e. at low 

oxygen partial pressure) removed this colour. 
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3.B.5 Th02   - CaO system 

Activation energies and pre-exponential factors 

of the relevant Arrhenius equations for the three 

compositions, 1.5, 5 and 15 mole % CuO are given in 

Table 3.0.3: Examination of the conductivity data as a 

function of oxygen partial pressure (figs. 3.B.7 and 

3.B.8) indicates that these compositions also exhibit 

p-type conductivity at the higher oxygen partial pressure. 

However, in contrast to the Th02  - Y01.5  and Th02  - La01.5  

solid solutions, the Th02-Ca0 specimens retained a white 

translucent appearance although subjected to a wide 

range of oxygen partial pressures (1-10-1 5atm) at 

various temperatures. 	Volchenkova and Pal'guev97 

also measured the electrical conductivity in air of 

various Th02-Ca0 compositions, and their results are 

included in fig. 3.B.7. 	It is difficult, however, to 

compare the two sets of data owing to the lower sintering 

temperature (16000C) employed by the Russian workers, and 

to lack of information about the purity of their 

preparitive materials. 

3.C. DISCUSSION OF ELECTRICAL CONDUCTIVITY DATA 

3.0.1 General comments  

There must be reservations about any electrical 
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conductivity measurements based on the small number of 

samples and limited temperature range (^a300°C) employed 

in the present work. 	It is believed, however, that the 

principal features involved in the electrical conductivity 

behaviour, as a function of composition and oxygen partial 

pressure, have been established for the relevant thoria 

solid solutions. 	The self-consistent results, and 

satisfactory agreement with the data of other investigators 

for the electrolyte Zr02.Y01.5  (80.20 mole %) has 

already been mentioned in section 3.B.2. 	It is possible, 

of course, that erroneously high conductivities were 

recorded due to the presence of surface and grain boundary 

conduction. However, the agreement noted by Carter 

and Roth98  between the conductivity values for both 
single crystal and polycrystalline zirconia-based 

electrolytes, and the relatively little effect caused 

by variations in the A.C. frequency employed in the 

present measurements (section 2.G), suggest that grain 

boundary conduction, at least, is not important in 

these materials. 

3.C.2 Positive-hole conduction 

It is instructive to compare the properties 

of the thoria-based electrolytes with the similar 
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fluorite solid solutions based on zirconia. 	The large 

oxygen diffusion coefficient58  in calcia-stabilized 

zirconia is qualitatively understandable in terms of 

the large anion vacancy concentration, and it was con-

cluded earlier (section 3.A.2) that the thoria solid 

solutions have a similar structure. 	As expected, then, 

the IONIC conductivity of the thoria-based electrolytes, 

increases, at least initially, with increasing anion 

vacancy concentration (fig. 3.C.1). 	The thoria-based 

electrolytes, however, appear to be unique in exhibiting 

p-type conduction at high oxygen partial pressures 

(figs. 3.B.61  3.B.71  3.B.8). 	This positive-hole 

conduction becomes 	negligible below oxygen 

partial preisures of approximately 10
-6 atm., according 

to the emf experiments reported later in section 3.D.3. 

which provide information about the relevant ionic 

transference numbers. 	This conclusion is also supported 

by the observation that the total conductivity is 

independent of the ambient oxygen pressure (fig. 3.B.8), 

provided the latter does not exceed about 10-6 atm. 

Examination of the relevant data (figs. 3.B.6, 

3.B.71  and 3.B.8) indicates that the p-type conductivity 

appears to be greatest in the Th02-0a0 compositions, and 
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it is interesting to note that in the Th02-Y0.. .2  „. solid 1  

solutions, the positive-hole conduction is a minimum 

at the compositions which exhibit maximum total 

conductivity. 	Reference has already been made (section 1.D) 

to the p-type conductivity exhibited by such binary oxides 

as MgO, CaO, A1203. 	It is not yet known .whether this 

property involves any measure of non-stoichiometry or 

whether it is wholly attributable to residual impurities, 

and the same uncertainty is associated with the p-type 

conductivity shown by the thoria-based electrolytes. 

The large number of anion vacancies, possessed by these 

electrolytes, and the correspondingly high oxygen 

mobilities, however, might be expected to reduce the 

importance of impurity charge carriers, and it is perhaps 

significant that higher positive-hole conductivities 

were observed in the Th02  -Ca0 system in spite of the 

smaller concentrations of impurities present in the 

'Specpure' calcium carbonate (Appendix V) compared to 

the yttrium and lanthanum oxides, although it is also 

true (figs. 3.B.8 and 3.C.1) that the oxygen mobilities 

appear to be slightly lower in this system. 
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The vacuum-sintering treatment could also 

introduce additional impurities such as tungsten-  and 

molybdenum. 	There was, however, no significant change 

in the electrical behaviour of a sample having the 

composition, Th02.Y01.5( 75.25 mole %), when it was 

subjected to two high temperature (2000°C) vacuum anneals 

lasting 1 hour and 6 hours respectively. 	Pellets of a 

similar composition also exhibited p-type conduction 

even though the sintering process was carried out in a 

gas-fired furnace at 1800°C. 	It may be concluded, therefore, 

that the possible introduction of tungsten or molybdenum 

into the thoria solid solutions is not responsible for 

the departures from purely ionic conduction at the 

higher oxygen pressures. 

If the p-type conductivity is indeed an intrinsic 

property it must be associated with the incorporation of 

excess oxygen into the lattice, and Anderson99 suggests 

that the positive holes produced by such a process are 
2- ÷ 

more likely to be localised on the oxygen ions(0 	e 	0 ) 

rather than trapped by inert gas-like cations such as 

It has been reoorted51  that the tungsten content of Zr02 
specimens fabricated by hot-pressing in tungsten dies, 
could be reduced from 1000 ppm to less than 10 ppm by 
heating the samples in pure oxygen at 1000°C (cf..the 
heat treatment used in the present investigation after 
the vacuum sintering process). 
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Ca2+ Y3+, and Th4+. 

Further comments on the p-type conductivity 

exhibited by the thoria-based electrolytes are confined 

to the following observations. 

(i) Additions of yttria in the range 0-15 mole % 

increase both the ionic and p-type conductivity 

(fig. 3.B.8), although the relative increases 

of the positive-hole conduction are smaller 

than those associated with the ionic conduction. 

(ii) Activation energies for the p-type conduction 

appear to be relatively insensitive to changes 

in composition. 	This is illu7trated in the 

adjoining Table 3.0.1 for the two compositions 

containing 1 and 15 mole 	IO _ res-Jectivelv. .D 

TABLE 3.C.1.  

POSITIVE-HOLE AND IONIC ACTIVATION ENERGIES 

Composition Activation energy(Kcal) 

Y01.5 mole % 
(po2  = 1 	atm.) 

p-type Ionic Resultant 

1 24.0 31.7 25.0 

15 25.0 23.1 24.5 
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3.0.3 	Ionic conduction 

It is possible to compare the IONIC conductivities 

of several solid oxide electrolytes based on the Group IV A 

oxides, Zr02, Hf02, and Th02. 	The ionic transference 

number, tion, for the zirconia solid solutions is 

virtually unity (>0.99543) over a wide range of compositions, 

and therefore the conductivity measurements carried out 

in air, reported by Strickler and Carlson
92, represent 

the ionic conductivities for the appropriate zirconia 

electrolytes. 	Ionic conductivities for the thoria solid 

solutions may be evaluated from the present work because 

at low oxygen partial pressures (<10-6atm.), the 

transference number may also be taken as unity. Finally, 

it may be assumed that the conductivities (in argon) 

measured by Johansen and Cleary
100  for hafnia solid 

solutions are also- ionic conductivities, at least for 

the single phase fluorite compositions. 	These ionic. 

conductivity values at 100000 are summarised in fig. 3.0.1. 

The initial increase in ionic conductivity shown 

by the thoria solid solutions with increasing vacancy 

concentration is not sustained beyond a vacancy concentration 

of about 3%, and in fact, these preliminary measurements 

suggest that the conductivity may subsequently decrease 
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with increasing vacancy concentration. 	A decrease in 

ionic conductivity with increasing vacancy concentration 

has often been demonstrated for zirconia-based 

electrolytes,92'95,98,101 and it is generally believed 

that, maximum conductivity in these zirconia-systems 

is exhibited by compositions located near the phase 

boundary' separating the two phase region from the 

fluorite solid solution. 

According to equation 1.C.4. derived in Appendix I 

a, decrease of conductivity with an apparent increase in 

the defect concentration can arise from either, or both, 

of the following: 

(i) a decrease in the charge carrier concentration, 

(ii) a decrease in carrier mobility. 

In the solid solutions under discussion, the defect 

concentration (aliovalent cations anion vacancies) 

is very high and the formation of impurity -vacancy 

x 	This phase boundary at 1000°C is situated at the 
following compositions: 

Zr02'Ca° system 	• 11-12 mole % Ca° 

Zr02'Y01.5system • • . N 17.5 mole Y01.5(-9.5 mole 
Y203 ) 



TABLE 3.C.2.  

ACTIVATION ENERGIES AND PRE-EXPONENTIAL FACTORS FOR ELECTROLYTE 
SOLID SOLUTIONS CONTAINING YTTRIA 

Solid Source of 
• 1 

Oxygen Partial 

LOLE ';) Y01.5  

4 101 15 20 	1 25 	I 40 

ANIONIC V1CANCIES 
Solution Data Pressure(atm) 0.25 1 [ 	2.51 	3.751 	5.00] 	5.251 10 

. 
A  ACTIVATION ENERGY (kcal)x 

Zr02.Y01.5 Dixon et a193  Air T.P. T.P. T.P. T.P. 	120.7. 24.3 28.5 

Zr0 .Y0 2 	15 Strickler and 
Carlson 92 

Auk T.P. T.P. T.P. 

23.7 
2'1-.9 

T.F. 20.2 27.0 29.3 

Th02.Y01.5 
Present 
Work 

1 
_ 25.0 24./ -2.5 - 24.7 - 

10 6  30.5 28./ 23.1 - 25.2 - 
10-15 31.2 28.8 

PRE-EXPOTIAL 

2'1-9 23.1 - 25.9 - 

Zr02.Y01.5 Strickler and 
Carlson 92 

Air 

L1 FACEOR(fcHQS.CM 	) 
- - - - - 1700 - 

Th02.yo1.5 
Present 
work 

1 11 23 35 55 - 42 :- 
lo-6 19 53 38 22 - 39 - 15 
10 21 51 38 22 42 __ 

. T.P. : Two phase region. x Estimated accuracy for activation energies derived 
from results of present work is 	2.5 kcal. 



TABLE 3.C.3  

ACTIVATION ENERGIES AND PRE-EXPOnITTIAL FACTORS FOR ELECTROLYTIC 
SOLID SOLUTIONS  CONTAINING  CALCIA  

Solid Source of Data Oxygen Partial 

. 
MOLE 50

- 	
CaO 

r-7151 13 15 18 20  
% ANIONIC VACANCIES 

Solution  Pressure(atm 0.751 2.5 	I 5 	1 0.51 7.51 9 10 

Zr02.Ca0 
.---  

Tien and Subbakaa101 Air 
ACTIVATION ENERGY  x(kcal). 

T.P. T.P. T.P. 25.6 28.0 30.0 31.1 
Zr02.Ca0 Carter and Roth98 Air T.P. T.P. (21.8) 26.0 29.2 34.0 301 

Th02.Ca0 
Present 

Work 

1 23.7 24.2 - - 25.5 - 
10-6 26.9 25.1 - - 25.8 - - 

10-15 27 25.2 - - 26.0 - - 

Zr02.Ca0 Tien and Subbarao101  
PRE-EXPONENTIAL FACTORS(MH06.CM-1) 

T.P. T.P. T.P. 1300 1500 1700 1400 Air 
T.P. T.P. 200 1400 4000 10Q00 12,000 Zr02.Ca0 Carter and Roth98  

Th02 .Ca0 Present 

Work 

1 7.2 22 - 22 
10-6  14 13 - - 17 - - 
10-15 14 13 - - 16 - - 

• 

Two-phase region. 
x 	Estimated accuracy for activation energies derived from results 

of present work is 12.5 kcal. 
xx Measurements on this composition were made by P.K.R. Moody, 

Metallurgy Department, Imperial College. 

T  P  



then the activation energies for conduction listed in 

Tables 3.C.2 and 3.C.3. represent the energies associated 

with the LOVEIJ.EnT of ions, and do not include an energy 

term aril for the formation of the oxygen vacancies. 
2 

The increasing; energy for ion movement with increased 
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complexes`, for example, is very probable. 	However, 

the number of free carriers will still continue to increase 

with increasing defect concentration, although at a 

lower than linear rate. 	Thus the simple association 

theory alone cannot account for decreasing conductivity 

due to reduced carrier concentration. 

As the defect concentration is fixed by composition, 

Evidence for the existence of such associated complexes 
may be revealed by departures from linearity in the 
log 	versus 1/T plots, or by examining the con-
ductivity isotherms as a function of impurity ion 
concentration. 	These analyses, however, require data 
of greater accuracy than is at present available for 
the oxide solid solutions. 	Dielectric loss measurements 
can also provide information about the existence of 
associated defects, and the internal friction and di-
electric relaxation experiments conducted by 'iacht...=1°2  
on the thoria solid solution, Th02.Ca0 (1.5 mole v Ca0), 
support the proposal, that at low temperatures (-500'E-.) 
at least, an oxygen vacancy is tightly bound to a 
substituted calcium ion. 	An activation energy for 
motion of an oxygen vacancy adjacent to a substituted 
calcium ion was also deduced from these measurements, 

cont/ 
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vacancy concentration exhibited by the calcia- and yttria-

zirconia solid solutions (see also Fig. 3.0.2„ which de-

picts the relevant activation data for the yttria solutions), 

is not necessarily accompanied by a decrease in the oxygen 

ion mobility which cold thus explain the lower conduct-

ivity values as suggested by Tien and Subbarao101.  An 

increasing energy for ion movement with increasing 

vacancy concentration has also been observed for the 

diffusion of iron in the non-stoichiometric compounds FeO 

(Himmel, Mehl, and Birchenall103) and FeS (Condit and 

Birchenall
104

). 	Accompanying decreases in the iron 

diffusion coefficients, however, were only noted in 

* (Cont. from previous page) and for the relevant 
composition, a value of 20.5 Kcal. was calculated. 	Oxygen 
vacancies bound to the calcium ions do not contribute to 
anionic conduction, and the number of free oxygen vacancies 
will be a function of the energy of association of the 
impurity-vacancy pairs and the temperature. The activation 
energy for IONIC conduction (27 Kcal.) derived from the 
results of the present work, should therefore represent the 
sum of an energy for motion and half the energy of associa- 
tion. 	If the present data is extrapolated to 500°K, a 
value for the energy of association, 13 Kcal., is thus 
obtained. 	For NaCl and KC1 crystals, the energy of associa- 
t ion between a CATION Nvacancy and a substitute

d3u172 
 ion is 

generally believed to be of the order 7-9 Kcal. 	9  
The cations in the fluorite structure, however, are relatively 
immobile, and so the possible existence of impurityvacancy 
complexes cannot explain the apparent failure of the 
conductivity and diffusion data to satisfy the Nernst-
Einstein collation as indicated by the recent oxygen diffusion 
measurements of Hage1106. 
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experiments with the FeS at temperati'ures below 530'0, 

and these observations could be explained on the basis 

of previous evidence105 for the ordering of vacancies 

on the iron sites. 	In addition, the recent experiments 

of Hegel106  indicate that the oxygen diffusion rate, 

unlike the electrical conductivity, in calcia stabilized 

zirconia, increases with increasing calcium oxide content. 

The situation is further complicated, at least 

for the zirconia solid solutions, in that there is 

evidence92,98,101,107,that the cations become ordered 

at temperatures around 1000°C. 	Although the relevant 

x-ray superlattice lines displayed by annealed (^-1000°C) 

zirconia-based electrolytes must be primarily associated 

with re-arrangement of the cations, the fact that the 

ordered state exhibits lower conductivity (one-third to 

one-half that of the disordered state) implies that the 

anion vacancies also assume ordered sites instead of 

being randomly distributed. 	Presumably, the ordered 

Ca2+ or Y3+ cations, which possess very low diffusion 
59 rates--60' 

nearest-neighbour positions. 

studies of Carter and Roth98 

that the anion vacancies can 

The neutron-diffraction 

provide additional evidence 

become ordered, and it 

, attract the more mobile anion vacancies to 
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appears that these order-disorder transformations, 

involving both cations and anion vacancies are somewhat 

analogous to the transitions from an ordered pyrochlore 

to a disordered fluorite structure reported
108

in certain 

of the zirconia-rare earth oxide systems. 

How much of the preceding discussion is 

applicable to the.  thoria solid solutions examined in 

the present investigation is not clear at present. 	The 

results suggest a maximum value for the conductivity as a 

function of composition (fig. 3.0.1), but the ranges of 

composition were not sufficiently extensive to demonstrate 

convincingly that the conductivity subsequently decreased 

with increasing defect concentration in a similar manner 

to the zirconia solid solutions. 	It is also doubtful whether 

the slightly larger activation energies for conduction 

(Tables 3.C.2 and 3.0.3) observed at the higher defect 

concentrations are significant in view of the large 

errors (2.5-3 kcal) associated with these quantities. 

Loreover, x-ray examinations of samples having the 

composition Th02.Y01.5(75.25 mole %), which were 

annealed at 1000°C for 12 days (,-.,300 hours) and quenched, 

did not reveal any superlattice lines, and in this 
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respect the thoria solid solutions may resemble the defect 

fluorite structures possessed by non-stoichiometric oxides 

Ce02-x
109 and  PrO2-x110 which also appear to be disordered at 

the temperatures involved in the present conductivity measure- 

ments. 	Direct comparison, however, of these two types of 

defect structure is not strictly justified, as electron ex-

change can take place readily in the mixed valence binary 

systems whereas the cations in the ternary system are 

relatively immobile. 

Another interesting feature is the relative magnitude 

of the ionic conductivities exhibited by the zirconia, hafnia, 

and thoria solid solutions possessing equal defect concentra- 

tions. 	These conductivity values (Fig. 3.0.1.) appear to be 

principally determined by the relevant host lattice (Zr02, 

Hf02, Th02) and are influenced much less by changes in the 

aliovalent cations substituted into the host lattice. 	For 

example, the zirconia solid solution containing 25 mcile% Y01.5  

(6.25% anion vacancies) has an ionic conduction approximately 

50 times that of the corresponding thoria soittion. Table 

3.C.2. and Fig. 3.C.2. indicate that the activation energies 

for conduction are comparable (27 and 26 Kcal., respectively) 

but that the pre-exponential terms differ considerable for these 

two solid solutions. 	It is impossible, however, to attribute 

this difference Of 



about two orders of magnitude to changes in the vibrational 

frequency and entropy values associated with the pre-

exponential term contained in the following equation 

derived in  chapter one (equation 1.0.5.), i.e., 

yv 

(Aa2z-2eF' i 	(YS,) v exp  exp 
RT 

6-17. T = 

Differences in the size' and oolarizability 

of the thorium and zirconium ions, which are reflected 

in the different structuresx  possessed by the two 

pure oxides, will undoubtedly influence the electrical 

x The quantity --- associated with the energy of formation 
of the relevant defects is omitted from the above 
equation. 

xx There is no obvious correlation between relevant lattice 
Parameters and the observed electrical conductivities, 
although it is of interest to note that the highest 
values of conductivity so far reported were obtained 
with Zr02-Sc203 solid solutions 111. 	This system is 
the only fluorite solid solution investigated in the 
Zr02-11203 series which exhibits a decrease in lattice 
parameter with increasing M203 content. 

xxx The monoclinic structure possessed by pure Zr02 
transforms to a tetragonal phase around 1200°C. 
There is also some evidence for the existence of a 

'cubic structure at very high temperatures (---'2000'0). 



-94- 

behaviour of the associated solid solutions. 	It is 

apparent, however, that a satisfactory interpretation of 

• the electrical properties of both the zirconia and thoria 

fluorite solid solutions requires considerably more 

information about the behaviour of oxygen vacancies, and 

anion defects in general, than is at present available. 

Further speculation at present, then, is of little value 

except to mention the possibility that the transport of 

oxygen in these defect solid solutions may also involve 

abnormal charged species such as the anion complexes, 

or "molecule ions"112 ' (02)2-' (02)  • 

3.D. DETERhINATION OF IONIC TRANSFERENCE MITERS 

3.D.1. Relevant theoretical equations  

As already mentioned in chapter one (section 1.C.1) 

when an oxide electrolyte exhibiting both ionic and 

electronic conductivity is incorporated into an oxygen 

concentration cell, e.g. 

pt,02(u82).  i electrolyte 02 o  (II ) Pt" 2'  

then the resulting emf may be related to the ionic 

transference numbers as follows: 
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(./4.4 
E 	

4F 	tion 402 	 Eq.3.D.1. 

where 11(1)  10  denote the equilibrium oxygen chemical 
2 °2 

potentials at the two electrodes. Evaluation of this 

expression requires either the assumption of a constant 

mean ionic transference number, orielevant information 

about the oxygen pressure dependence of tion. A useful 

approach to this problem has been suggested by Schmalzried4563  

Using the following expressions introduced in section 1.0.3, 

6-5 = Cinic + 6 +07-9 	 Eq.3.D.2. 

and 
via 	—1/h 

6-11= 	JIC + k1p0 	kopn  
2 	' '2 

 

Eq. 3. D. 3. 

  

and by defining two parameters ps  and pc, as the oxygen 

partial pressures at which6I6NIC equalsGi" and 63' 

respectively, then it is possible to derive expressionsfor 

the ionic transference number as a function of oxygen partial 

pressure. 	These expressions and the corresponding emf 

equations are given in the adjoining Table 3.D.1. 	The 

appropriate values of m and n either have to be assumed, or 

determined empirically from the available, conductivity 

and emf data. Application of these equations derived by 

Schmalzried will be demonstrated in subsequent sections, 
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which include the relevant data for transference number 

determinations at both highxand low oxygen partial pressures. 
• 

3.D.2. Zirconia solid solutions at high oxygen 
chemical potentials  

Coulometric titrations431  and emf measurements61 

on cells incorporating zirconia-based electrolytes and 

gaseous electrodes, have indicated that the anionic trans-

ference numbers of these materials are at least 0.995 in 

the range 800-1100°C, provided the oxygen partial pressures 

imposed at the electrodes do not become too reducing 

(>10-15atm at 1000°C). 	Additional information was also 

available from experiments conducted in the present 

investigation on the cells, 

Nil NiO 
Commercial 
Stabilized 
Zirconia 

Tube 

02(1 atm),Pt, 

   

   

Fe,FeO 
Commercial 
Stabilized 
Zirconia 
Tube 

02(1 atm),Pt. 

   

Voltagesere only recorded at one temperature (8900c), and 

the following results in Table 3.D.2, which are also 

discussed in chapter four, were obtained.  
x Oxygen chemical potentials possessing values more POSITIVE 
than those associated with the Fe-Fe0 equilibria were 
regarded as HIGH in the present investigation. 

xx Theoretical voltages and errors were calculated from the 
thermodynamic data recommended in chapter four. 



TABLE 3.D.1  

Expressions derived by Schmalzried 

Electrolyte Lion . 	E. m. f . System 

• 

Type ax 

- 

.1  

, 1 /n 

4.  
--- . 

4, , \ 

lij°2\  

- 1/n -1 

nRT 

.... 
1 /n 	1 /n 	1 /h 	i s 	1/n. 

In 
Pe 	+13462 	

Pe 	+Po
2 .1-  

(P82 

Pe Pei 4F -an 1/11.+PO .1  1
2 
/n 

Pie 	
Pe  1/n+1362 l/n 

Type b 

-. 

1 q 

1 

2 

-1 /h- 
-1 nRT 

4- 
1 /h 	u  1/n 

lia
Pe 	+Po

2 

..... 
0 

7.17  J- 
P 

1/11 	, 
	1/n e 	+PO2 . 

Type c 

_. 

1+ (1382) 

1 /h-  - 1 

mRT 

- 	1 /111 	1 /n - 
P8 	Po

1/M
I- P6

2 jn 	2 	ir  I.  

. 
- 

Po 

- 
I 

4F /m 13.6

2

1 	
p,3 1/M-1-  42

1/k  

- 	 _ 

x Derivation requies the pressure exponents n and m to be equal. 
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TABLE 3.D.2. 
TEMPERATURE : 	89090 

• Cell Measured Theoretical 
emf 	hir--- 

NiINi0/electrolyte/02(1atm),Pt 
emf mV 
699+2 7011.3.5 

Fe,Fe0/electrolyte/02(1atm),Pt 971 +2 976 ±3 

These data confirm that the MEAN electronic transference 

number of the zirconia-based electrolytes does not exceed 

0.5% under the relevant experimental conditions, and this 

conclusion is supported by the available information on 

the conducting behaviour as a function of oxygen partial 

pressure (fig. 3.B.8). 	It was convenient, therefore, to 

examine the electrolytic properties of the thoria solid 

solutions with reference to the two zirconia based 

electrolytes, Zr02.Ca0 (85.15 mole %) and Zr02.Y01.5  

(80.20 mole %). 

3.D.3. Thoria solid solutions at high oxygen chemical potentials  

All the thoria solid solution compositions 

prepared in the present investigation were incorporated in 

the following cells, 

Ni,NiO lelectrolytel Cn,Cu20 



-99- 

and, 

Fe,Fe0 1 electrolyte 	Ni,NiO 

At least two samples of each selected composition were 

exPmined,and the appropriate precautions and procedures 

detailed in chapter two were followed. 	All the 

experiments with the cell containing the 0u-0u20 electrode 

were conducted in purified argon in contrast to the 

experiments with the other cell, which were carried'out 

in either vacuum or purified argon. 

Results for both the cells at the two temperatures 

800 and 100000 are summarised in Table 3.D.3. and the 

relevant electrode oxygen chemical potentials and oxygen 

partial pressures are also listed in the adjoining Table 

3.D.4. 	It is immediately apparent that all the thoria 

solid solutions possess the same ionic transference number 

as the zirconia-based electrolytes when incorporated in 

the second cell containing Fe,Fe0 and Ni,NiO electrodes, 

but that there are small differences for certain of the 

thoria-based electrolytes when included in the first cell 

which contains electrodes with a higher mean oxygen 

x Detailed results for certain of the electrolytes are 
reproduced in Appendix VI. 



TABLE 3.D.3.  
E.m.f. measurements at 1000°C and 800°C  

Comparison of data for various electrolytes  

ELECTROLYTE 
CELL 

Ak, A/4 0 EL EC TROLY7E1 CCL, az° fe. 0IELE C RO 

mV ± 

y7EINeltko 
CaiPOSITION(MOLE %) 800° C 1000° 0! 800° C 

1 my 	± 1 
10000 0 

Zr02.Ca0 
Zr02.Y01.5 
Th02./01.5 
Th02.Y01.5 
Th02./01.5 
Th02.La01.5 
Th02.La01.5 

(85/15) 
(80/20) 
(96/4) 
(90/10) 
(85/15) 
(90/10), 

(85/15) 

1 mV 1 mV 

273 259 266 286 

Th02./01 5 (99/1) I 	265 

270 

247 

254 

266 

266 

286 

286 Th02. Y01.5  (75/25) 

(95/5) Th02.Ca0 273 257 266 286 

Th02 (pure) 148 140 

Hf02  (pure) 153 152 

TABLE 3.D.4.  
Equilibrium oxygen chemical potentials  

at 800°C and 1000°C  

Metal-Metaloxide j Cu - Cu20 Ni - Ni0 Fe - Fe0 
Temperature (°C) 800 1000 800 1000 800 1000 
Oxygen Potential 

(kcal) -4-7.1 136.9 -68.4-60.5 
- 

-92. -86.7 
log10p02  (atm) 	. -9.6 -6.3 -13.9 -10.4 -18.9-14.9 
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chemical potential. 	The presence of a significant 

electronic transference number is in accordance with the 

p-type conductivity displayed by the thoria solid solutions 

at high oxygen partial pressures. However, provided the 

oxygen partial pressures are sufficiently low, it can be 

concluded from the emf data that the MEAN ionic transference 

numbers of the thoria based electrolytes are virtually 

unity(>0.995). 	The emf data1/2  moreover, can be combined 

with the conductivity results to provide estimates of 

the oxygen partial pressure above which the electronic 

transference number exceeds 1%. It follows that below 

this oxygen partial pressure value, the ionic transference 

number,ti .on  exceeds 0.99. 

The estimates were based on the equations 

derived by Schmalzried which were applied as follows: 

(i) A value of tion when the oxygen partial pressure 

equals 1 atm can be derived from the relevant 

conductivity data. This value can be substituted 

in the appropriate equation (Table 3.D.1) which 

contains two unknown quantities po  and m . 

(ii) Another equation (Table 3.D.1) incorporating 

pe  and m is available by using the emf results 
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recorded for the cell, 

Ni,NiO  electrolyte Cu,Cu20 

(iii) Having determined the values of pe  and mx  which 

satisfy both the above equations, then the 

appropriate oxygen partial pressure limit for 

whichti .on  equals 0.99 can thus be calculated, 

and values for the various thoria based electrolytes 

at 1000°C are summarised in fig. 3.E.2. 

3.D.4. Thoria solid solutions at low oxygen chemical potentials  

The behaviour of the thoria solid solutions at very 

low oxygen chemical potentials, and the relevant data, are 

fully discussed in chapter five which describes the electro-

chemical measurements associated with the Nb-0 system. 

Reference is made (section 5.B.2) to the emf experiments 

carried out by Zadorx3c  on the cell, 

Mn,MnO ITh02.Y01.5(90.10 mole %) Fe,FeO(or Ni,Ni0), 

using the same apparatus employed in the present investigation. 

The equilibrium En-lEn0xxx  oxygen chemical potentials 

x Preliminary calculations indicated values of m in the range 
2-3, and a mean value of 2.5 was eventually adopted in 
subsequent calculations. 

mm S. Zador, Metallurgy Department, Imperial College. 
mmx For the Nn-Mn0 equilibrium at 100000, 

Ap0,2  = 4 139.5 kcal., and poi  = 10r23.9atm 
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derived from these measurements were in good agreement 

with those calculated from the latest calorimetric data, 

and it was concluded that the MEAN electronic contribution 

to the total conductivity was less than 1% over the 

relevant range of oxygen partial pressures. 	There was 

some evidence (section 5.B.1), however, that the electronic 

component became more significant at the slightly lower 

oxygen chemical potentials associated with the Nb-EIO 

equilibriax. 	It was considered reasonable, therefore, 

to assume that the electronic transference number became 

greater than 0.01 at some oxygen partial pressure inter-

mediate between the values associated with the Mn-Mn0 

and Nb-NbO, and an appropriate estimate is included in 

figs. 3.E.2 and 3.E.3. 

3.D.5. Zirconia solid solutions'at low oxygen chemicalpotentials  

It was mentioned in chapter two (section 2.E.2) 

that cells incorporating zirconia-based electrolytes in 

contact with electrodes possessing low oxygen-'-chemical 

potentials, e.g. 

   

Nb, Nb0 
Zr0.Ca0(85.15 mole %) 

DENSE, 

IMPERMEABLE 

FelFe0 

   

   

For the Nb-Nb0 equilibrium at 1000°C 
02= - 145 kcal., and 	= 10-24.8atm 

p02 
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still produced erroneous emf values even when assembled 

in the modified apparatus and provided with separate 

electrode compartments. Voltages recorded under dynamic 

conditions as the cell temperature was steadily increased 

are reproduced in fig. 3.D.1, and illustrate the behaviour 

of this type of cell containing a zirconia based electrolyte. 

Evidence that the electrolyte was becoming non-stoichiometric 

and exhibiting electronic conduction in. contact with the 

Nb-NbO, was provided by the observation that if the 

electrolyte was removed from the cell, heated in air at 

100000, and then incorporated in another cell having 

electrodes with relatively high oxygen partial pressure 

(Cu-Cu20' Ni-NiO, Fe-Fe0), then reproducible voltage in 

excellent agreement (+ 1 mV) with the expected values were 

recorded. 

It was also noted in chapter two that the cell 

functioned satisfactorily when thoria-based electrolytes 

were placed between the NID7Nb0 electrode and the zirconia 

electrolyte, viz. 

-Nb0 
Th02.Y01.5 Zr02'Ca° Fe-Fe0 
(90.10 mole%) (85.15 mole%) 

  



70 0 k— ...,,. -,.... 
Emf values for 	........... 
similar cell 	 ....... ....,... 

• incorporating 	 ,,,, -........ 
Th02.YO,...,_:, 99,1 mole °/0) 	 ,.„.... ,,_... 

electrolyte 

6 00 

Ernf  
rn 

5 00 

Furnace switched 
off 

4 00 — 

400 500 600 700 800 900 
TEMPERATURE°K  

Emf values FOR CELL  
Nb,NbO I  ZrO2 Ca0(85:15mole%)1Fe,Fe0  

AS A FUNCTION OF TEMPERATURE  (  Dynamic 
(Conditions) 
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However, if the position of the two electrolytes Wks: 
reversed, i.e. 

Zr02.C-a0 Th02.r01.5 
Nb-Nb0 Fe-FeO. 

(88.15 mole%) (90.10 mole%) 

then low, irreproducible results were again obtained. 

The presnce of significant electronic 

conduction reduces the cell voltage according to the 

equation, 	
Ala 

Lion dp. on 02 ' 
oZ  

and also provides an internal short circuit which allows 

oxygen ions to be transferred from the cathode to the 

anode even under open circuit conditions. 	This 'corrosion 

current' is presumably able to polarise the Rb-Nb0 

electrode, and is responsible for the rapid decrease in 

cell voltage which is very evident in fig. 3.D.1. 	The 

simultaneous formation of a•thin oxide layer, which 

would remain when the temperature was reduced, would 

also explain why the higher cell voltages could not be 

reproduced on cooling. 

In an attempt to obtain information on the 

electronic transference number of the zirconia based 

E 
4F 
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electrolytes at low oxygen partial pressures, emf 

measurements were made on the cell, 

1 

Nb205. Nb02  	Zr02.0a0(85.15 mole%) • Fe-Fe0 1  

and compared to data obtained for similar cells using 

thoria based electrolytes (section 5.D). 	Reproducible 

results for cells incorporating the zirconia electrolyte 

could only be obtained in the range 750-850°0. Above 

these temperatures, stable voltages could not be recorded 

as the emf values steadily decreased with time due to 

transport of oxygen ions through the cell. At the lower 

temperatures the observed voltages were 1-3 mV smaller 

than the corresponding voltages obtained with the thoria 

based electrolytes, and it was assumed that a similar 

difference in the two emf values would have been recorded 

at 1000°C in the absence of polarisation phenomena. 

If the reaction responsible for the n-type 

conduction in the Zr0.Ca0 solid solution at low oxygen 

chemical potentials can be represented by the following 

equilibria: 

02-Ocat,c4 „,=11]- 3402(gas) + 2e-  , 
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_1 
then6-0;"= k2pn  2-1:, for constant anion vanancy concentration, 

'2 
and n in equation 3.D.3 equals 4. 	It follows, by 

substitution of thectther relevant valuesx  inL the 

appropriate expression derived by Schmalzried (Table 3.D.1) 

that pe  equals 10-23atm., and the corresponding lower 

limit for tion  > 0.99 is p0  = 10-15atm. 	For commercial 
2 

zirconia electrolytes of similar composition, Schmalzried631  

has reported values of pe  = 10-24atm. and a corresponding 

lower limit for tion of 10-1 6atm. at 1000°C. 	These and 

similar data for 800°C are included in fig. 3.E.3. 

An electronic transference number of 

approximately 1% was also obtained by Bray and Merten61 

at 1000°C, when working with cells containing Zr02-Y01.5  

solid solutions, and ambient oxygen partial pressures of 

10-15  - 10-16  atm. 	In addition, Aronson113  has reported 

that the composition of pure zirconium oxide in equilibrium 

with an oxygen partial pressure of 10-15atm. at 1000°C 

is Zr01.997 and it is therefore not surprising that some 

reduction of the fluorite zirconia solid solution also 

occurs under similar conditions. 

x At 1000°C, 

E = 142mV; pA = 10717•2atm; 
'2 bt 

2 
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3.D.6 Commercial solid oxide electrolyte material  

Zirconia with additions of other refractory 

oxides such as CaO,MgO,Y203, has been available 

commercially for many years as "stabilised zirconia". 

The proportion of second oxide added in these commercial 

materials is usually determined by the minimum quantity 

required to suppress the volume change associated with the 

monoclinic-tetragonal transformation in pure zirconia, 

and in general, insufficient oxide is added to produce 

a single fluorite solid solution phase. 

Two types of commercial stabilised zirconia 

refractories were occasionally used in the present 

investigation as electrolyte material. 	Reference has 

already been made to the stabilised zirconia tubesx  used 

in the early experiments with separate electrode 

compartments, and in the oxygen meter described in section 

2.E.4. 	Available information indicated that this material 

contained 4-5 wgt 56 (~10 mole %)Ca0, and the two phase 

structure (fluorite solid solution crystals with zirconia 

"Zircoa" tubes produced by "Zirconium Corporation of 
America", Solon, Ohio, U.S.A. 
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at the grain boundaries) revealed by microscopical 

examination was consistent with this composition. It 

•was concluded from emf measurements on the cells, 

that the ionic transference number of 

Ni,NiO 

Fe,Fe0 

STABILIZED 
ZIRCONIA 
TUBE 

STABILIZED 
ZIRCONIA 
TUBE 

CulCu20 

Nil NiO, 

this particular 

commercial material was identical to that possessed by 

the zirconia based electrolytes fabricated from 'Specpure 

chemicals. 

A few commercial magnesia stabilised zirconia 

cruciblesxx  were also employed in the following cell, 

Pt, INi,Ni0 'electrolyte I Pb,PbO lir IPt 

which is described in detail in the following chapter 

(section 44E.1). 	The emf values recorded were in very 

good agreement (+1 mV) with the voltages obtained for 

similar cells incorporating a "Specpure" electrolyte 

crucible (Zr02  solid solution containing 15 mole % Ca0). 

x Details of the microstructure of the commercial materials 
were supplied by E.W. Roberts, Houldsworth School of 
Applied Science, University of Leeds. 

xx Crucibles were supplied by Degussa, Frankfurt, Germany. 
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The absence of significant electronic conduction in this 

commercial material is interesting as it possesses a 

complex microstructurexx  consisting of several phases, 

and the impurities present114 also include Fe203(..,0.25%) 

and Ti02(0.2%). 

3.E. SUMMARY OF THE TRANSPORT PROPERTIES OF ZIRCONIA 

AND THORIA SOLID SOLUTIONS  

33.E.1 Conductivity behaviour 

Four types of conductivity behaviour, as a 

function of oxygen partial pressure, exhibited by solid 

oxides possessing a significant ionic contribution to 

the total conductivity, are illustrated in fig. 3.E.1. 

(a) As mentioned earlier in section 1.D, a minimum in 

the conductivity curve is exhibited by many simple 

binary oxides, for example, MgO, CaO, SrO, A1203, 

Zr02, Hf02' 	The preliminary results obtained for 

pure Th02(fig. 3.B.8) in the present investigation 

also indicate a minimum in the conductivity isotherm 

for this material as well. 

xx TUe zirconia fluorite solid solution contailAng, 
magnesia is not stable below approximately 1300'C (Weber115). 
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(b) Ionic conduction with increasing n-type conduction 

at low oxygen partial pressures is shown by solid 

solutions based on zirconia (this work and Schmalzried63  ). 

(c) Positive hole conduction followed by a range over 

whichti .on  is virtually unity is shown by solid 

oxide solutions based on thoria(this work). 

(d) No data are available for this class of material, 

but type (b) and (c) would in effect exhibit this 

pressure dependence if the range of oxygen pressures 

could be extended in both directions. 

3.E.2. Ionic transference numbers  

The ranges of oxygen partial pressure over which 

tion exceeds 99% at 1000°C for the oxide solutions 

examined in the present investigation are depicted in 

fig. 3.E.2. 	The general pattern of behaviour shown by 

the thoria solid solutions is similar to that proposed by 

Peters and Idobius62  in that these electrolytes exhibit 

p-type conductivity at high oxygen partial pressures. 

Analyses of the emf and conductivity data, according to 

the method described in section 3.D.3., indicates that 

the oxygen partial pressures at which the p-type conduct-

ivity becomes significant are slightly dependent upon the 
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composition of the thoria solid solutions, and at 1000°C 

vary from 10 5atm., for Th02.Y01.5  solid solutions 

containing 10-15 mole % Y01.5, to 10 7'5atm. at the 

composition Th02.Y01.5(99.1 mole %). 	Below the 

appropriate oxygen partial pressures, the ionic transference' 

numbers for the various thoria solid solutions are similar 

to those dxhibited by the zirconia solid solutions, and 

it follows that tion  > 0.995. 	It must be concluded, 

therefore, that the discrepancies, mentioned in chapter 

one, between the results of Kiukkola and Wagner,20 and 

Peters and Mnn,21,66 for cells containing the electrodes 

Fe-FeO, Co-CoO, Ni-Ni0 and Cu-0u20, must be attributed 

to the different cell design, and not to the thoria 

based electrolyte, Th02.1,a01. 5  (90.10 mole %), used 

by Peters and Minn. 

It is also important to know how the oxygen 

partial pressures associated with the development of 

significant electronic conductivity (>1%) vary with 

temperature. 	It is possible to extract information, 

from the results of the present work, about the temperature 

x These discrepanices are discussed in more detail in 
chapter four in the appropriate sections dealing with 
the relevant electrode equilibria. 



-112- 

dependence of the p-type conduction exhibited by the 

thoria solid solutions (see Table 3.C.1, for example). 

However, such an analysis was not immediately relevant 

to the present research programme, and it was considered 

more appropriate to compare the various estimates 

proposed for the occurrence of significant n-type 

conductivity as a function of temperature and oxygen 

partial pressure. 	These relationships are depicted 

in fig. 3.E.31  and there is reasonable agreement at 

1000°C between the curves suggested by different 

investigators for the zirconia solid solutions, in 

view of the 'experimental difficulties and assumptions 

involved. 

Finally it must be emphasised that the polarisation 

of an electrode can be very pronounced even with small 

electronic contributions to the total conductivity, as 

exemplified by the Nb02.17b205. electrode in contact with 

a zirconia based electrolyte (section 3.D.5). 	If the 

presence of significant electronic conductivity is 

suspected, therefore, it is obviously desirable to employ 

a high resistance electrolyte, and relevant experiments 

involving the Nb-Nb0 electrode are described in chapter 

five. 
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CHAPTER FOUR 

hEASURTIENTS AT HIGH OXYGEN 

CHE1:ICAL POTENTIALS  

4.A. GEIERAL 

Oxygen chemical potentials possessing values 

more positive than those associated with the Fe-Fe0 

equilibria were classified as high in the present invest- 

igation. 	The selection of the Fe-FeO electrode as a 

suitable reference material, and the observation that 

zirconia-based electrolytes begin to exhibit significant 

electronic conduction at lower oxygen chemical potentials, 

illustrate the convenience of this classification. 	Emf 

measurements involving the electrodes Fe-FeO, Ni-NiO, 

Cu-Cu20, Pb-Pb0 are therefore reported in this chapter, 

and the relevant thermodynamic data were assessed with 

the assistance of the following compilations: Coughli45  

Kubaschewski and Evans,
1 Kelley,117 Kelley and King

118 

and Elliott and Gleiser
119
. 
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4.B. 'REFERENCE ELECTRODE 

4.B.1. Preliminary considerations  

The excellent characteristics possessed by the 

gasseous electrode, Pt,02(1 atm), were mentioned in 

chapter one (section 1.0.4). 	It appears that activation 

and concentration polarisation at this electrode remain 

insignificant even at current densities as high 10 mA.cm-21  

and it was thus an obvious choice for a reference electrode. 

Moreover,it follows from the relationship, 

/102  - 1102  = 	4EF' 

that oxygen chemical potentials (11.71  ), relative to pure 
'2 

oxygen in its standard state (g ), can be directly 
'2 

determined by emf measurements on galvanic cells 

incorporating this particular reference electrode, Pt102(1 atm). 

However, to ensure that the gaseous oxygen does not come 

into contact with the other electrode, the electrolyte 

material must be impermeable and preferably available in 

the form of a closed-end tube. Although preliminary 

experiments (section 2.E.2) with commercial zirconia-lime 

electrolyte tubes were very satisfactory, it was desirable 

to use another reference electrode to reduce the large 

cell voltages (>1 volt), and to avoid the necessity of 
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specifying expensive, commercial, impermeable, electrolyte 

tubes. 

It was proposed to use either +•e--FeO or Ni--I i0 

pellets as additional reference electrodes, and information 

was available about the properties of these materials 

from experiments conducted on the cells, 

I 2.2=11EA.-RT,F, 
STABILIZED 
ZIRCONIA 
TUBE 

2t1 M-210 02(1 atm),Pt. 

(Li = Fe or Ni) 

The equilibrium emf values at 89000 for these cells have 

already been reported in section 3.D.2., and in addition 

it was also established that both the metal-metal oxide 

electrodes were fully reversible at currents of 111A. 

When currents of 1011A, however, were passed through the 

cells, for approximately 5 minutes, the Ni-Ni0 electrode 

became polarised, in contrast to the Fe-Fe0 electrode which 

still exhibited reversible behaviour under these conditions. 

Similar results were also obtained with the current flowing 

in the reverse direction. 	It should be noted that 

although polarisation effects were noted at the Ni-Ni0 

electrode, when the flow of current was stopped equilibrium 

was rapidly re-established at this electrode. 	The results 
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obtained in these experiments could be attributed to 

differences in the electrode-kinetics of the two metal-metal 

' oxide mixtures, and the faster electrode processes 

exhibited by the Fe-Fe0 pellet are in accordance with 

data120 on the rate of oxidation of Fe and Ni. 

In the present investigation, the absence of 

polarisation at currents up to 511A at 1000°C (or 0.511A 

at 800°C) was selected as being the minimum reouiremenel  

for a reversible reference electrode. 	Although these 

values greatly exceeded the very small current (probably 

less than 10-1 °amp) flowing in the external measuring 

circuit, cognizance had also to be taken of the possibility 

of current flow within the cell, due to the presence of 

electronic conductivity in the solid electrolyte, which 

has already been discussed in section 3.D.5. 

It was more appropriate, therefore,to select 

the Fe-Fe0 pellet as a reference electrode, although it 

must be emphasised that the results of the preceding 

polarisation experiments apply only to Fe-Fe0 and Ni-Ni0 

m The appropriate current values were selected by considering 
the available data on the resistivity of the thoria-based 
electrolytes, and assurning a cell voltage of 500 mV, and 
an electronic transference number of 1%. 
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electrodes as prepared in this investigation. 	Changes in 

the metal to oxide ratio, or in the distribution of the two 

phases would undoubtedly influence the kinetics of the 

electrode processes. 

Selection of the Fe-Fe0 mixture as a reference electrode 

was also supported by the available thermodynamic data for 

the Fe-Fe0 equilibria, which was assessed to be more 

accurate than that associated with the. iii-'iu0 equilibria. 

The principal disadvantage associated with the Fe-Fe0 

electrode was the contamination of the adjacent electrolyte 

surface due to migration of iron from the electrode. The 

extent of this penetration of iron obviously depended upon 

the duration and temperature of the experiment, and was very 

much more evident for oirconia-based electrolytes* than for 

the thoria-based electrolytes. 	However, no experiments failed 

due to complete penetration of the iron through the electro-

lyte, although it was invariably necessary to remove the con-

taminated section before using the electrolyte pellet again. 

In addition wustite disproportionates at 575°C, and so the 

electrode cRnnot be used below 600°C. 	However, these un- 

desirable features were not of sufficient importande to out-

weigh the otherwise favourable properties possessed by the 

Fe-Fe0 electrode. 

* According to Fischerlelet al, the saturation solubility of 
Fe° in zirconia-lime(85.15 mole %) is 2 mole% at 1000 C 
and 12 mole% at 1450°C. 
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4.B.2. Iron-Astite equilibria 

The iron-Astite system has been studied by 

equilibration with both C0/002  and H2/1120 gas mixtures. 

The early measurements with H2/1120 may be neglected as 

they were shown to be in error by the careful work of 

Emmett and Shultz123who demonstrated the importance of 

thermal diffusion in the gas mixture. 	The following 

investigations were eventually considered in the assessment 

of the high temperature equilibria experiments: 

Schenck,Dingmann,Kirscht 
and Wesselkock (1929) 122  CO/CO2  equilibria(dynamic) 

Thmett Plid Shultz(1 930)123 H2/H20 equilibria(dynamic) 

Emmett and Shultz(1933)124 112/1120 equilibria(static) 

Darken anal Gurry (1 945)125  CO/CO2  equilibria(dyuamic) 

The data of other investigators, Dominy and Murphy (1931),126 

Chipman and Marshall (1940)12 7  and Ci-nelli (1947)128 were 

disregarded owing to the poor reproducibility of the 

published results. 

The oxygen chemical potentials associated with 

the Fe-Fe0 equilibria were calculated by introducing the 

relevant standard free energy data for the CO-0O2  and 
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and H2-H20 reactions.' The error involved by the assumption 

of unit activity for the iron and Astite (Fe0.950)1211  could 

be. neglected, and so the calculated oxygen chemical 

potentials could be identified with the standard free 

energy changes (AG°2) of the equilibria: 

1.9Fe + 02  --.1-2Fe0.95  0 --  

It was now possible to assess the high temperature 

thermodynamic data (AG° ) by combining the various values 

with the relevant Specific heat and entropy data as follows: 

+ T AS°  Z. 

AH°298 = .6G°2-  A(H°2  - H°298) 	T AS°T  

i.e. A T_T 0 
""" 298 = AG°T A(H°T... HC1298)+T[A(S°r.C.S°298)+AS°298] 

This 'third-law treatment!gives a series of values for 

AR°298 which should of course be the same if both the high 

temperature and calorimetric data are accurate. 

x D.D. Wagman and W.H. Evans, Natl.Bur.Standards(U.S.) 
Series III Compilation, 1947-1956. 

xx Although the composition range of the non-stoichiometric 
witstite phase broadens with increasing temperature, the 
actual composition of the oxide in equilibrium with iron 
varies only very slightly with temperature and may be 
represented as Fe

0.950 from 575 - 1378°C (M.P.). 

• • • 
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The results of this treatment, using the high 

temperature data mentioned earlier, and the latest 

calorimetric values recommended by Kelley,
117,118 

are 

presented in fig. 4.B.1. 	The excellent quality of the 

thermodynamic data is evident in that the 611398  values 

only vary within very narrow limits (±120 cal) about a 

mean value of -127,050 cal. 	A value for AE2.(9,8  eaual to 

-127,000 cal is suggested by Elliott and Gleiser, whereas 

Coughlin, and Eubachewski and Evans recommend values of 

-127,600 cal and -126,400 cal,respectively. 

All the high temperature thermodynathic results 

assessed above, together with standard free energy values 

determined from the calorimetric de-tall  were plotted on a 

large scale graph. 	?Nomination of the graph indicated no 

evident curvature, and the following linear equation"was 

derived by the method of least squares: 

L1102(cal.mole 1) 	-126,470 + 31.26T (±250 	. . 4.B.1 

(873 - 1600°K) 

14. A value of -127,000 cal. was selected for AHNs. 

3:g. This equation is in very good agreement with that recently 
proposed by Chipman 129(  1962) for the same equilibria, 

i.e. Plin  (cal.mole-1) 	-126,400 	31.20 T (±200 cal.) 
'2 
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Darken and Gurry125  In their classic paper 

also reviewed the values of oxygen chemical potential 

associated with the iron-ferrous oxide. equilibria. 	Although 

their review did not include any calorimetric data it is 

interesting to record that a least squares analysis of their 

selected values for 1100, 1200, 1300, and 1350'0 resulted 

in a linear equation identical to that obtained in the 

present assessment. 

Values derived from the above linear equation 

are compared in Table 4.B.1 with data given in the 

compilations of Coughlin and Elliot and Gleiser. 	Also 

included in this table are the values derived from the 

experiments of Peters and Liann67who employed the following 

galvanic cell incorporating a solid oxide electrolyte: 

Pt,Fe-Fe0 Th02.101.5(90.10 mole %) C0+002-1-iron oxide, Pt. 

These values indicate, that any inaccuracies due to 

electronic conductivity in the solid oxide electrolytes 

do not exceed the errors associated with the thermodynamic 

data. 	It is not possible to attach any significance to 

this observation when considering the results of Peters 

and Mann as errors in the thermodynamic data could account 

for a significant part (5-30%0 of the small free energy 



TABLE 4.B. 1 

(=Fa CrLICI'iL POTENTIALS (440 ) FOR THE DOILIBRIA 
2 

1 .9 Fe q. 03 . 2 Fe 	0 O. 95  

TenT, 
QK 

LiAcar 

De: 	ve d 

investjr4a[Aon 

Coughlin 
Elliott Peters67 
and 

Gleiser 
and 

',Tann 

t 250 cal. ± 500 cal. ± 500 cal. 300 cal. 

900 -987 340 -98,800 -98,200 -98,204 
1000 -95,210 -95,700 -95,100 -95,020 
1100 -92,080 -92,700 -92,100 -91,856 
1200 -88,960 -89 600 -88,900 -88,892 
1300 -85,830 -86,400 -85,800 -85,548 
1400 
1500 

-82,710 

-79,580 

-83,400 -82,800 -82,414 
-80,000 -79,700 -79,340 

1600 -76,450 -77,200 -76,600 
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difference measured by these workers. • It was concluded 

in section 3.D.2, however, from measurements in the present 

investigation on the cell, 

    

Pt Fe,Fe0 

IM2ER.I.d3ABLE 
STABILISED 
ZIRCONIA 
TUBE 

02  (1 atm), Pt 

    

that the ILIIN electronic transference number of the 

zirconia based electrolyte did not exceed 0.5% at 890°C 

over the relevant range of oxygen partial pressures. 

4.0. NICKEL-NICKEL CHIDE EOUILIBRIA 

4.C.1. Emf measurements  

Preliminary emf measurements on the cell, 

Fe,Fe0 SOLID OXIDE 
ELECTROLYTE 

  

have already been described in chapter two, and the 

present section, therefore, is confined to a discussion 

of the results obtained with cells assembled in the. 

modified apparatus and provided with separate electrode 

compartments. 	In addition to specific experiments 

designed to provide information about the Ni-NiO equilibria, 

the above cell was also used to examine the transport 
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properties of thoria based electrolytes and to periodically 

check the apparatus, and it follows that a large amount 

of data was available for assessment. 

The standard precautions and procedures detailed 

in section 2.H. were always followed, and provided the 

cell temperature had initially exceeded 700°C, then 

excellent reproducible results were always obtained over 

the temperature range studied, namely, 650-1100°C. All 

the cells examined behaved reversibly, and were successful.  

operated in either purified argon or vacuum. 	The cell 

performance was also independent of the large variation 

in conductivity possessed by the different electrolyte 

compositions. 

at 
Emf measurements were made/approximately 50°C intervals, 

and although the voltage response to changes in 

temperature was rapid, the measurements were continued 

for at least one hour to ensure that the cell had 

attained equilibrium. 	Typical results for one of the 
I9R5  

cells/detailed in Appendix VI, and a least squares 

analysis of similar data for another nineteen experiments 

gave the following linear equation; 



E = 157.6 + 0.101 T 	±0.86 mV 	 4.C.1. 

[900 - 1400 0K] 

Taking into account the precision of the measurements, 

then the overall accuracy of the emf data is ±0.9 mV for 

sn error in the Vibron electrometer reading of ±0.2 mVx, 

and a variation in the temperature measurement of ±1°C. 

The excellent agreement between the results of the 

present work and the values obtained by other investigat6rs 

is evident from Table 4.0.1. 

TABLE 4.0.1.  

ELECTROMOTIVE FORCE OF THE CELL 

Fe,Fe0 / ELECTROLYTE /  

Temp. 
(°K) 

This 
Investigation Rapp79  

20 Kiukkola- 
pnd 

Wagner 

(°K) 
973 
1073 
1173 

1273 
1373 

(mV) 
255.9±0.9 

It 266.0 
11 276.1 

286.2 	U 

It 296.3 

(mV) 

266.2±0.8 

276.4±0.9 

286.2±0.6 
296.4±0.5 

(mV) 

266;t- 	1 

276± 1 

286± 1 
296± 2 

For additional comments see chapter two, section 2.F. 
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4.0.2. Evaluation of thermochemical data 

The standard free energy changes associated with 

the reaction, 

Ni0 ± 0.95 Fe 	Ni + Fe
0.95

0 
' 

may be represented by the equation, 

LG°  = 	7,270 - 4.66T (:-.:42 cal.) ... 	.. 	4.0.2. 

[900 - 1400 °K] 

which was derived from the emf data (Ea. 4.0.1) of the 

preceding section. 	This eauation (Eq. 4.0.2) was 

combined with that proposed for the iron-Astite equilibria 

(Eq. 4.B.1) to give the following standard free energy 

expression, 

AGo T  - 111,930 + 40.58T (±260 cal.) 	 4.0.3. 

[900 - 1400 °K] 

for the system, 

2  Ni + 02 = 2 Ni0 . 

The standard free energy changes obtained from 

this expression (:tea. 4.0.3) are compared with other hL 

temperature equilibria results in Table 	which 

also includes values calculated from the available 

calorimetric data. 
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TABLE L.C.2  

7TCKET.J - T702TEL OXIDE SYSTEM 

HIGH TEL2EIZATUI1.3 	TEJUES 

.... 

m 
• .1.emp. 

1 
Present 

136 
Young and Calorimet-  1.,_c_ 

66 
Peters .Fricke131 _ 	,. 	_ Invesuig . 

Tomlinson Data and 
Mann 

and 
"jieitbrech 

-7, K ation 

900 -75,410 
r:J. 

-75,060 
u 

-75,460 -73,750 	-76,490 
1000 -71,550 -70,900 -71,340 -69,700 1 -72,570 
1100 -67,290 -66,740 -67,260 -65,670 I -68,240 
1200 -63,230 -62,580 -63,180 -61,640 I -641 120 

-57,640 1 -59,990 1300 -59,180 -58,420 -59,120 
1400 -55,120 -54,260 -55,080 -53,650 I -55,870 

Accuracy ±260cal ±600cal ±500cal ±300cal 1 ±500cal 

(a) Tomlinson and Young130 use the following two-term 
equation to express their data: 

L.G171 = 	112,500 	41.60 T (±600 cal) 

(b) The calorimetric values were based on the following data: 
(i) Standard heat and entropy of formation of Ni0 at 298°K. 

1c198 LS98 Source 

Cal.mole 1  .0 1.Deg71Mole-1 - 

-57,300(±100) _ Skirr er132 

57,300 (±100) -22.42 
-65 

Coughlin 

-57,500(1-500) _ Kubachewski and Evp-risl 

-57,500(±100) -21.92 Elliott and Gle ser119 

l'' 	
- -22.56 lieley and King118- 	' 

Selected ) 
values -I/  

(ii) (H° - 
H°298 ) 

and (S1 - S'298): Kelley117 

298: -57,500(±100) 

As198: -22.56  (1-0.2) 
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The "third law treatment" which combines the high 

temperature equilibria results with the calorimetric data 

is more informative (see fig. 4.0.1) . 	The values of 

All298  obtained from the results of the present investigation 

are virtually constant throughout the whole temperature 

range, and are in excellent agreement with the recommended 

value for the heat of formation of Hi° (-57,300i-100 cal.mole) 

An additional check on the accuracy of the calorimetric 

data and the present emf work is provided by the point 

on the AH398  plot derived from the emf measurements on 

the cell, 

Pt, 

COLLE2LIAL 
STABLLIZED 
ZITZCO-Eri 
TUBE 

02(latm),Pt 

   

   

which were reported in section 3.D.2. 

The A.17 98  values derived from the data of other 

investigators, however, varied with temperature, and it 

follows that the related high temperature equilibria 

measurements are not so reliable. 	The data of Young 

and Tomlinson,1  30 Fricke and Weitbrecht,131 were obtained 

from 00/002 gas equilibria experiments, and it is 

interesting to note that both sets of AH298  values become 
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less negative as the temperature increases. 	It might be 

expected that the largest errors associated with this 

technique would occur at the lower temperatures where the 

gas ratios are higher (90012' : 
	200 ), yet the 

,11. 98  values derived from the results of Young and 

Tomlinson appear to be more accurate at the lower temperatures. 

The values assigned to Peters and Mann66 were derived from 

their experiments on the cell, 

Pt, Ni-Ni0 Th02.Y01. 5(90.10 mole %) 00+0024- IRON OXIDE i Pt. 

  

The experimental arrangement of this cell was such 

that it would be difficult to entirely eliminate the 

transfer of gaseous components between the two electrode 

compartments. 	The possible errors associated with this 

transfer process will be some function of the actual cell 

voltage measured by Peters and Lann, which was 0-50 mV 

for cells incorporating the Fe-Fe0 electrode (section 4.B.2) 7 

and 250-300 mV for the above cell containing the 1:i-Ni0 

electrode. 	This could accolint for the larger error 

(,d1.5 kcal.) associated with their 	data (Table 4.0.2), 

compared to the reasonable agreement (.^-300 cal) with the 

recommended values noted for the Fe-re0 equilibria 

(Table 4.B.1).. 
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The accurate and consistent data available from 

'both the calorimetric measurements and the emf results of 

the present investigation, were combii-nedi by means of the 

sigmas  function which is given by: 

AG° 	Lb 	Lc 	AH 
E_ 	+ AahlT + 	T + -- 	T-2  = I+ 

2 	2 
.... 4.0.4. 

Where ACp  = La + AbT + Lc T-2, and I,A110, represent 

the appropriate integration constants. 

It is known that nickel exhibits a magnetic trans-

formation (Curie pt. 655°K), and that nickel oxide 

undergoes two order-disorder transformations (525 and 

565°K). 	As it is impossible to represent the specific 

heat data by a simple equation for a material possessing 

these second-order phase changes (or lamda transformations) 

the sigma function could only be evaluated above 650°K. 

-.". 
A large-scale plot of E-" against 1 /T gave a straight 

line the gradient of which was equal to AH0(-115,280). 

This figure was inserted in the expresson, 
AH0  

L = I + 
T 

 

4.0.4. 

 

x The sigma function is discussed in "The Physical Chemistry 
of Metals by L.8. Darken and R.W. Gurry, (Publ: McGraw-
Hill, New York, 1953). 



and a value of I was determined for each value of E. 	The 

average of these values (65.781) was then used to represent 

Q. constant in Eo. 4.0,4. 	These calculations produced 

-G -he following expression, 

AG:, = 	115,280 	65.7811 - 7.3691 logT -:- 0.28 x 10 3q12  

- 0.20 x 105  T 1  

The accuracy of the data, however, did not justify 

a cumbersome 5-  term expression, and a 3-term equation 

was derived which gave the same AC24),, values as the more 

complicated equation at 650,1000,1400°K. 	It is proposed, 

therefore, that the standard free energy changes associated 

with the reaction, 

2Ni 02 = aNiO, 

are best expressed by the following equation, 

AG°  = - 115,240 - 6.558 T logT 	63.571 (±300 cals) 	. 4.0.5. 

[650 - 1400 OK] 

which also represents the oxygen chemical potentials 

in equilibrium with the Ni-1'Ti0 system assuming unit activities 

for the condensed phases. 	Values obtained from the 

equation are listed in Table 4.0.3 which also includes the 

original emf data, together with values recommended in 



TABLE Lk  

OXYGEN CHEMICAL POILTI2L,I,02) FOR q1112, EOILIBRIA 

21`ii ± 02 	21110 

T aDip c rat ur e 
0, 

11 _ 

Derived_ , 	-, TA rc,  e -1 (3 isTil 
Equal,io-fi 
±300 cal 

Ex.-De riment al Elliott 
and, 

C] eiser 

Coughlin 
Two -11:e 32111 ------ 
Eq

, 
 uation . 

±260 cal :1:280 cal ±280 cal 
650 -85,910 (-85,550) -86,090 -85,600 

-83,380 700 -83,800 (-83,520) -8'4-, 120 
800 -79,610 (-797470) -79,940 -78,960 
900 -75,460 -757410 -757880 -74,540 

1000 -71,350 -71,350 -71,820 -70,160 
1100 -67,250 -67,290 -67,800 765,800 
1200 : -63,180 -63,230 -63,780 -61,440 
1300 -59,150 -59,180 -59,780 -57,120 
1400 -55,110 -55,120 -55,780 -52,820 
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various compilations. 	It is apparent from Table 4.C.3. 

that the high teiaperature data(900-1400°Z) is also 

adequately represented by the two-tern linear equation 

(Eq. 4.C.3), used to express the data derived from the 

emf measurements. 	At lower temperatures, however, the 

curvature of the 3-term equation becomes more pronounced 

and the linear expression is no longer valid. 

4.D. COPPER-CUPROUS OXIDE 

4.D.1. Emf measurements  

An outstanding feature of the cell, 

1 Ni-Ni0 SOLID OXIDE 
ELECTROLYTE Cu-Cu20 

 

was its reliability. 	The simple cell design used in 

the preliminary experiments (chapter two), with a stream 

of argon maintaining an inert atmosphere around the cell, 

gave excellent reproducible results (±i mV), Pnd the 

provision of separate electrode compartments had no 

significant effect upon the cell performance which appeared 

to be relatively insensitive to minor impurities in the 

argon (cf. cells incorporating Ni-Ni0 and Pe-Fe0 electrodes; 

section 2.E.1). 	The cell atmosphere always consisted 
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of purified argon and the emf measurements, which followed 

the procedure detailed earlier (section 2.E), were normally 

confined to the temperature range 650-1000°C. 	At the 

be.7inning of euh al:periment low voltages were invariably 

recorded until the temperature of the cell was approximately 

600°C. 	Thereafter the cells behaved reversibly, and in 

three experiments reproducible voltages were also 

obtained as low as 400°C, although it was essential to 

maintain the cell temperature constant for many hours 

to ensure that steady reversible voltages were being  

recorded. 	The detailed results for one of these cells 

are reproduced in Appendix VI. 

Lary electrolyte compositions (section 5.D.3) 

were incorporated in the cell and gave excellent results. 

There was also no doubt that the low voltages obtained 
with certain of the electrolytes-  could be attributed 

to electronic conductivity, and these results were not 

therefore, included in the following assessment. 

data for 21 experiments which included results from the 

preliminary investigations (seven runs) were incorporated 

on a large scale _plot, and as the values exhibited no 

x See sable 3.D.3. 
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discernible curvature, it was decided to represent the 

data by the following linear equation which was derived 

' by the method of least squares, 

E = 347.8 - 0.069.0 ( 	1.2 mv) 	00000 
	 4.D.1. 

[650 - 1300 07]. 

The Good agreement between the results of the 

present investigation and those reported by Markin and 

Bones 
133 is evident from the adjoining Table 4.D.1. 

TABLE 4.1).1.  

ELECTROMOTIVE FnCE OF THE CELL 

Ni, NiO 	ELECTROLYTE Cu, Cu2O 

'Temperature This InvestiRation Markin133 

°K mV and 
Bones 

• -r-17 

673 301.0-11.2 301:2 

773 294.o 	" 293 " 
873 287.1 	" 286 " 

973 280.1 	" 278 " 

1073 273.2 	" 271 	" 

1173 ____ 266.'3 	" -- 

1273 259.3 -- 

The reported error also takes into account the precision 
of the emf ceasurenents (0,2 n and the temperature 
measurements (a 1'C) 
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Additional information about the Cu-Cu2
0 system 

.was obtained by measurements on the cell, 

1 
Fe-Fe0 Zr02.0a0 (85.15 mole %) Cu-Cu20 . 

In the initial experiments no attempt was made to separate 

the gaseous environments of the two electrodes, and it 

was only possible to obtain comparable results (±5 mV) 

to those reported by Kiukkola and Wagner2°  if the cell 

was rapidly cycled through the temperature range (650 - 

1000 - 650°C) in about 3 hours. 	If the cell was held at 

a constant- temperature then the emf slowly drifted 

downwards, and even after 24 hours a steady voltage was 

not observed. 	The introduction of separate electrode 

compartments overcame these difficulties and reproducible 

steady voltages were easily obtained in two experiments 

carried out in the modified apparatus. A straight line 

drawn through these results had the following equation, 

E= 505.8 + 0.030 T (+1.5m V) 

Introducing the expression (Eq. 4.0.1) derived 

frx)::11 the cell reaction, 

' Ni0 + Fe---4-Fe0 + Ni, 
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should be represented by: 

E = 348.2 - 0.071 T (1-1.7 mV) 

This equation is almost identical to that derived from 

the actual measurements on this cell, viz. 

E = 347.8 - 0.0695 T (11.2 mV) 	 4.D.1. 

Further evidence of the accuracy of the present 

investigation is provided by the good agreement with the 

data reported by other investigators which is contained 

in Table 4.D.2. (p. 136). 

4.D.2. Evaluation of thermochemical data 

The standard free energy of formation of 0u20 

per mole of 02 may be represented by the equation, 

LG.°  = - 83,160 - 6.55T log T + 57.15T (-1320 cal.) . . . . 4.D.2 

[650 - 1300°K] 

This equation was derived by combining the expression 

for the free energy changes associated with the cell 
VOW 

reaction' 
x According to Eq. 4.D.1, 

2xE = 695.6 - 0.139T 
i.e LG°  = -32,080 	6.42T (±110 cal.) Eq. 4.D.3. 
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Table 4.D.2,  

Electromotive force of the cell, Fe,FeOlectrolyte 

Temperature 	This 	Kiukkola20 Pa1R-uev
134 

investiaton 	i 	and , 	.1-,; __ ,_ 
- 1 	: _,e11.1_Ln 13ner 

o
h mV 	,7T 

873 - 	- A- 531 - 1 

973 535 - 1.5 	j 	- 534 - 1 

1073 538 1 1.5 	532* 537 - 1 

1173 541 L 1.5 	539 540 - 1 
i + 

1273 ± 1.5 	543 544 543 - 1 

* 	Problems encountered in the present investigation when 

the above electrodes were incorporated in the simple cell 

design have already been mentioned, and probably account, 

for the low results reported by Wagner and Kiukkola. 

2 Cu2
0 2Ni = 4Cu 21 i0, 

with that proposed for the standard free energy of formation 

of two moles of Ni0 (Ec. 4.C.5.) 

This and other data for the free energy of formation 

of Cu20 reported by Treadwell-  , Peters and Hann66, Young 
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and Tomlinson135  , was examined by the 'third law' method, 

and the various values of211-1o298 
are shown in Fig. 4.D.1. 

TheAHo298 
values derited from 'the data of the present 

investigation are very clearly a function of temperature. 

There is, however, reasonable agreement withAH
o298  values 

obtained from other high temperature equilibria experiments* 

(Treadwell, Young and Tomlinson)** in the temperature range 

1100-1300°K, which suggests that the high temperature free 

energy data is correct. 	At lower temperatures the present 

e.m.f. data are more reliable than she 00/002 
gas equili-

bria measurements of Young and Tomlinson which show consider- 

able scatter below 900°C. 	It is also Probable that the 

discrepancy (,-,800 cal.) between the results of the present 

investigation and those reported by Treadwell at 1073°K can 

* The lack of agreement with the results of Peters and Mann 

is not surprising in view of the design of their cell which 

has already been criticised (Section 4.0.2.). 

* * 	The original results due to Treadwell were corrected for 

thermo-electric effects by Gundermann, Hauffe and Wagner
136. 

Young and Tomlinson express their free energy data for Cu20 

by the equation: Aq(per mole 02) = -74,340 + 29.98T 

(± 500 cal.) 	[1100 - 1356°1] 
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be attributed to errors associated with the very high 

resistance of the auxiliary porcelain electrolyte used by 

the latter. 	As there appears to be no reason to suspect 

the accuracy of the present e.m.f. data which was shown to 

be in good agreement with similar experiments by other 

investigators (Markin and Bones
133 Nukkola and Wagner201  

Neumin and Palguev134)1  it must therefore be concluded 

that the variation in theAH
o
298 values is due to inaccurate 

calorimetric data. 	It may also be surmised that it is the 

specific heat measurements on cuprous oxide most likely to 

be in error. 

It follows that standard free energies of formation 

of cuprous oxide are best represented by the three term 

equation (Eq. 4.D.2.) derived earlier from the present 

e.m.f. measurements which extend over a wide range of 

temperatures (650-1300°K)*. Extrapolation of this equation 

to 298°K gives: 

* A linear equation may also be derived as follows, 
2Ni 	02  = 2Ni0: Acif 	-111,930+40.58T(±260cal) Eq.4.C.3. • 

2Cu20 + 2Ni ..4Cui-2Ni0:t4 -32,080+6.42T(±110cal) Ec.4.D.3. 
4Cu 	02 	2Cu2  0:609- = -79,850+34.16T(±280cal) Ea.4.D.4. 

The applicability of the last equation is limited to the 

temperature 900-1300°K. 
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6.G°298  = -70,960 calo , 

and 6.11°298  = -81,700 (± 500 cal . ) 

when ©S°298=  -36.09 cal. deg-1  (Kelley) 

This value forAH°298 derived 	the hi r::'1 temperature 

e.m.f. measurements is in excellent agreement with the 

calorimetric value, -81,600 (± 500 caL), determined by 

Balesdent137. 	The absence of any noticeable curvature in 

the e.m.f. data for the reaction, 

POu2  0 	2NiO, -  

over a large range of temperature (650-1500 j̀K)1  suggests 

that the1Cp term (2.85) contained in the equation, 

= -83,160 - 	log L 	37 . 157 	4.D.2. 

is not likely to be greatly in error at 2980K, and it is 

therefore proposed that the above value ofAii°298 derived 

from the data of the present investigation is more accurate 

than other recommended values, for example, 

Coughlin: -80,800 1--  1,550 

Kubachewski and Evans: -80.000 1  1,400 cal. 

Elliott and Gleiser: -831600 1 3000 cal. 
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Finall,y, the standard free energies of formation of 

cuprous oxide per mole of oxygen, calculated from equation 

4.D.2., are compared in Table 4.D.3.1  to other values given 

in the various compilations. 

Table 4.D.3.  

Oxygen Chemical Potentials (102) for the Equilibria 

4 Cu .1,  02 	 2 01120 

Temperaturel 	This (Elliot Kubachewski f Coughlin 
!Investigation; 	and and i Gleiser Evans 

oK 
_,_ 

' 	--1 	350 	cal. .1-  3000 1  1000 cal. ± 3000 cal. 
..._. cal. 

650  -58,000 -59,700 -56,980 -58,000 

700 , -56,210 -57,800 -55,320 1-56,400 

800 -521660 -54,200 -52,000 -53,000 

900 -49,160 -50,400 -48,740 3-49,800 

1000 , -45,660 -46,600 -45,520 i-46,600 

1100 v  -42,220 -43,000 -42,310 4-3;600 

1200 . -38,780 -39c200 -39,160 i-40,400 	i 
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4.E. LEAD-LEAD OXIDE EQUILIBRIA 

E.M.F. Measurements  

Preliminary experiments were conducted with the cell, 

PtAi-NiO/commercial* stabili zed/Pb-PbO/Ir/Pt 
zirconia crucible 

which was arranged as shown in Fig. 4.E.1. The lead and 

yellow lead oxide inside the electrolyte crucible made con-

tact with an iridium probe** which had been spot welded 

to the iridium lid of the crucible. 	Electrical connections 

to either side of the cell consisted of platinum discs 

attached to platinum wires. 	The cell was assembled in the 

silica apparatus used in the first series of experiments 

(Section 2.E.1.), and nil inert atmosphere was maintained . 

by a stream of purified argon. 

Provided the temperature of the cell had initially 

exceeded approximately 600°C, e.m.f. measurements over the 

range 400-800°C gave reproducible data (± 1.5 mV), and this 

cell design was subsequently adopted by Belford and Alcock138  

* The crucible was supplied by Dqyissa Ltd., Germany, and was 
partially stabilized with MgO. 	Further details of this 
material are available in Section 5.D.6. 
** 	The results of Richardson and Weob/3 iq naicate that the solu- 
bility of iridium ila liquid Pb and Pb0 is very small and can be 

neglected. 
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for their investigation into the thermodynamics and solubility 

of oxygen in licuid lead. 

The preliminary experiments of the present ivestigation 

were later checked by fabricating impervious crucibles from 

'Spec-pure' Zr02. Ca0(85.15 mole %) material. 	Four 

experiments with these zirconia-calcia crucibles were carried 

out in the modified alumina apparatus using an identical 

cell assembly to that illustrated in Fig. 4.E.1. 	The 

cells were found to be reversible in the temperature range 

400-700°C, and the stability of the e.m.f. values, which 

were measured at approximately 5000 intervals, was checked 

by maintaining the cells at constant temperature for several 

hours. 	Except for the lowest temperatures(400-5000C), 

a rapid voltage response to changes in temperature was 

observed. 	The resulting e.m.f. data could best be re- 

presented by the following linear equation, 

E = 85.9 f 0.069 T (1.-  1.2 mV)   Eq.4.E.1. 

[673 - 973°K1 

Values derived from this expression are compared in Table 

4.E.1. to the results reported by Belford and Alcock138  

for similar cells incorporating the Degussa crucibles. 



mV 

130.8 2• mV 

138.3 I-  2• mV 

145.5 2 mV 

(DK mV 

-T 

Temperature  i  This Investigation Belford and Alcock 

132.3 ± 1.• 2 mV 

139.2 ± 1.• 2 mV 

146.1 1  1.2 mV 

153.0 1  1.• 2] mV 	153.4 ± 2• mV 

673 

773 

873 

973 
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Table 4.E.1.  

Electromotive force  of the cell, 

Pt N-i-Ni0Alectrolyte/h-Pb0,  Ir, Pt. 

It is impossible to attach much significance to the 

slightly lower results associated with the Degussa material 

and it appears that the ionic transference number is virtually 

the same for both electrolyte materials. 	This interesting 

conclusion has already been mentioned in Section 3.D.6. 

4.E.2. 	Evaluation of Thermochemical Data 

The e.m.f. data obtained in the present investigation 

for the cell reaction, 

Pb0(s) + Ni(s) 	Pb(1) + NiO(s) 

was used to derive the following expression for the standard 
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free energy of formation of yellow lead oxide (per mole 

of. oxygen), 

AG°T  = -107,320 - 6.55T log T + 69.93T (± 290 cal.) .. Eq.4.E.2. 

650-1000°K 

Free energies of formation determined from this expression 

were combined with the calorimetric data, recommended by 

Kelley117' 118, and the resultingLH 298  values are given in 

Fig. 4.E.2. as a function of temperature. 

Belford and Alcock138 derived a linear equation for 

the free energy of formation of lead oxide by combining 

their e.m.f. results with the data (700-1100°C) of Young 

and Tomlinson.130 for the equilibrium 

Ni0 + CO 	+ CO2  

The extrapolation of this data, however, to the lower 

temperatures involved in the e.m.f. measurements (400-700°C) 

introduced additional errors to those already noted in 

Section 4.C.2.1  and it was considered more appropriate to 

combine the original e.m.f. results of Belford and Alcock 

with the 3-term equation (Eq. 4.0.5.) derived in the present 

investigation, for the free energy of formation of NiO. 



FIG.4.E.2 A 1-i ° (Third law) FOR 
	2G 

2 P b 	2 Pb0 

104,0001 

,AH°  (cols) 
293 

104,250c 

4 
1 04,500 H 

104,750x 

A 

O 	 O 

4:1 

0 
N.1 

1 05,000H A BELFORD & ALCOCK 136  
0 	 Adjusted 

MATSLS1-11 TA 8. GOT0140  
X THIS INVESTIGATION 

700 	c:;00 	900 
TEMPERATURE°  K  

1000 

    



-145- 

The correspondingAH°298 values are reproduced in Fig. 4.E.2.1  

together with theLY50298 values associated with the linear 

eauation. 

The e.m.f. measurements of Matsushita and Goto 40 on 

the cell, 

Pt, Ni-Ni0 commercial stabilized1Pb-Pb0, Pt 
zirconia tube 

provide additional free energy data*, and the relevant 

Llic)298 values are also included in Fig. 4.E.2. 

Examination of the data presented in Fig. 4.E.2. reveals 

that theAHo298 values derived from the results of the 

present work are virtually constant (-104, 700 cal.) over 

the relevant temperature range, which suggests that the 

associated e.m.f. measurements and specific heat data are 

reliable. TheAHo298 values assigned to Belford and 
Alcock (calculated from their published two-term equation) 

also exhibit very little variation with temperature, but are 

* Matsushita and Goto represent their data for the equilibria 

2Pb 02  --"-2Pbo, 

by the linear equation, 

AGoT = -104,230 46.94T.  (-1- 200 cal.) [773 -115901J 
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some 400 cals. more positive than the values determined 

for the present investigation, which is to be expected from 

the disagreement in the relevant Ni-EiQ data already noted 

in Section 4.C.2. 

The meagre experimental information published by 

Matsushita and Goto makes an assessment of their e.m.f. 

results difficult. 	Although theAH°298 values obtained 

from the free energy equation proposed by these workers 

are in reasonable agreement with theA2298  value calculated 

from the results of the present investigation, it must be 

emphasised that their free energy eauation was derived by 

using the data compiled by Elliott and gleiser for the 

reference Ni-Ni0 electrode. 	If the Ni-Ni0 data recommended 

in Section 4.C.2. is substituted, then the associatedAH°298  

values exhibit a dependence upon temperature, and it was 

therefore considered inappropriate to include the results 

of Matsushita and Goto in the following .assessment. 

It was concluded that the most accurate high temperature 

data for the free energy of formation of yellow lead oxide 

are obtained by combining the e.m.f. results of the present 
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investigation and those reported by Belford and Alcock, 

which are in excellent agreement (Table 4.E.1.), with the 

standard free energy values for the Ni-lqi0 system re- 

commended in Section 4.C.2. 	The -resulting ®H°298  value, 

-104,700 = 300 cal. 	(see Fig. 4.E.2.), is thus considered 

more reliable than that favoured by Coughlin and Elliott and 
is 

Gleiser (-104, 100,± 600cal.), which/based upon extra- 

polated data of Spencer and Hote141. 

Finally it was considered desirable to also combine 

the free energy data of the present work, the corrected 

free energy values of Belford and Alcock, and the calori-

metric data, by means of the sigma function (cf. Section 

4.0.2.), and the following expression* was obtained, 

AG°T = -105.710 + 23.56T 10.59T 1ogLT - 6.22 x 103  T2  - 

- 0.20 x 105 T-1 

This cumbersome expression may be replaced by the following 

* For the reaction, 2Pb(1) + 02(g)--42Pb0(s) 
Kelley recommends the following expression for the specific 

heat data, 

/\Cp = -4.60 + 13.24 x 10-3  T + 0.40 x 105  T-2  (-1--  0.2%) 
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three-term equation which gives identicalAG
oT   values at 

the three temperatures 600, 800 and 1000°K, i.e. 

LG°2  = -109,600 - 12.87T log T 4- 91.18 (!-- 300 cal.) 

[600-1100°K] 

for the reaction, 

2Pb(1) + 02(g) 

 

	 2Pb0(yellow, s). 

 

Data obtained from this recommended equation for the 

standard free energies of formation of yellow lead oxide 

are compared in Table 4.E.2. with the corresponding free 

energy values compiled by Coughlin an:;_ 31liott and Gleiser. 
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Table 4.E.2.  

Oxygen chemical potentials for the equilibria 

2Pb(1) + 02(g) 	s) 

Temperature 

, 

Experimental Derived Elliott Kubachewski 
Data 3-term and and 

Expression Gleiser Evans 
oK ± 290 cal ± 300 cal ±300 cal I 3000 cal 

600 - -76,340 .-76,300 -76,620 

700 -71,400 -71,410 -71,500 -71,820 

800 -66,580 -66,550 -66,700 -67,130 

900 -61,790 -61,760 -62,000 -62,550 

1000 -57,040 -57,030 -57,500 -58,000 

1100 -52,300 , -52,360 -52,900 -53,540 

4.F. CONCLUSIONS  

The preCeeding analyses of the e.m.f. data for galvanic 

cells incorporating solid oxide electrolytes and electrodes 

possessing high oxygen chemical potentials, clearly establish 

the precision and accuracy of this technique over the 

relevant ranges of oxygen chemical potentials and temperatures. 
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In addition, there were no problems associated with electrode 

kinetics as all the cells were fully reversible and had a 

rapid voltage response to changes in temperature, features 

which greatly facilitated the acquisition of a large 

amount of useful data. 	Reproducibility of the cell 

voltages was approximately ± 1 mV which corresponds to an 

error of only ± 100 calories in the relevant oxygen chemical 

potential values. 	The principal uncertainties, in fact, 

are associated with the standard free energy values for the 

reference Fe-Fe0 electrode (± 250 cal.), and lack of precise 

information* about the magnitude of the electronic trans- 

ference number. 	Available information only indicates that 

the NEAN electronic transference number of commercial 

zirconia-based electrolyte does not exceed 0.005 at high 

oxygen chemical potentials. 	It is probable that this 

quantity is smaller for single phase electrolytes 

* The presence of a small electronic contribution to the 
total conductivity would cause an additional error in the 
thermochemical values recommended in the previous sections. 
For example, if a MEAN electronic transference number of 
0.005 is assumed, then the error associated with the three-
term equation (Eq. 4.C..) for the Ni-Ni0 equilibria is 
increased from 300 cal. to t  330 cal. 
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(cf. Section 3.D.6.) prepared from very pure materials, and 

an accurate determination of the electronic transference 

number of such material, fabricated in the form of a closed 

end tube. would 	valuable, as a series of reference 

electrodes could then be calibrated directly Ggaimst a 

pure oxygen electrode. 

However, in spite of these minor problems, it is 

believed that the thermochemical data associated with this 

e.m.f. technicue is, in general, more accurate than that 

obtained by comparable gas equilibration_ measurements', 

provided certain precautions are observed. 

It is desirable (see Section 4.D.1" for example) to 

Provide separate electrode compartments to eliminate the 

Possibility of chemical transport reactions via the gaseous 

* Although this method produced excellent results for the 
Fe-Fe0 equilibria (Section 4.3.2.), similar data for the 
Ni-NiO system (Section 4.0.2.) were not so satisfactory. 
It is relevant to add that whereas the H20/H2  and CO2/00 
ratios associated with the Fe-Fe0 ecuili-
bria are small (^-1), the corresponding ratios for the 
Ni-Ni0 system are much larger (^,100). 
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phase, and in addition to ensuring that reversible, stable, 

reproducible voltages are being recorded, the apparatus 

should also be periodically examined for the existence of 

sparious assymmetrical voltages. 	It is also essential 

that any further extension of this technique to higher 

temperatures ( > 1100°C) should be accompanied by a careful 

evaluation of the electrolyte system employed. 

If these procedures are iollowed then galvanic cells 

incorporating solid oxide electrolytes provide a simple 

reliable method for the rapid measurement of accurate high 

oxygen chemical potentials at elevated temperatures. 
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CHAPTER FIVE 

OXYGEN CHEMICAL POTENTIALS IN THE NIOBIUM-OXYGEN SYSTEM 

5.A. GENERAL 

Oxygen dissolves interstially in the niobium metal 

lattice and the solubility limit increases from approxi-

mately 1 to 3 atomic per cent oxygen in the temperature 

range, 750-1100°C (Seybolt142  Bryant143, Gebhardt and 

Rothenbacher144) 
	

Under certain conditions, usually 

present during oxidation of the metal, it appears that 

niobium may dissolve more oxygen than that corresponding 

to the saturation value and many investigators144, 145, 146 

have claimed that various suboxides (e.g. Nb40, Nb20) can be 

precipitated from this supersaturated phase. 

The principal oxide phases however, in the niobium-

oxygen system are Nb0*, Nb02**, Nb205***' and all these 

* NbO possess a defective sodium chloride structure147,148,149 

and is often given the formula, Nbn r7sOn r7  on account of the 
large numbers of atoms (one of each'kinriA four) missing from 
both the cation , and anion sublat.uices. 

Nb02 
has a structure closely related to the rutile structure. 

EbbP05 exhibits polymorphism and several modifications have bean reported. The high temperature modification has 
been indexed on the basis of a monoclinic unit cell (151,152). 

* * 

* * 
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oxides display some degree of non-stoichiometry. 	According 

to the X-ray data of Brauer147, Nb0 and Nb02  only exhibit 

small variations in composition (e.g. Nb0o. 98-1.00)' 

whereas a more extensive homogeneity range, Eb20 4.8 

Nb205.0 is proposed for Nb205
, although two other inter-

mediate compounds Eb12029  and'Eb15037  have recently been 

reported153' 154  in this region. 

In the present investigation, oxygen chemical potentials 

have been measured for the equilibria, Nb-Eb0, NbO-Nb021  

Nb02-Nb205 
and for five compositions within the non- 

stoichiometric region, Nb204.8  - Nb205.0' 	It was concluded 

from preliminary experiments on the cell, 

Nb, Nb0/electrolyte/Fel  FeO, 

that the simple cell assembly and the. zirconia-based 

electrolytes used by Kiukkola and Wagner20 were inadequate 

for e.m.f. measurements at the very low oxygen chemical 

potentials associated with the Nb-Nb0 equilibria. 	These 

preliminary experiments and the redesigned assembly have 

been described earlier in Chapter Two, and discussion is 

confined in the present chapter to those results obtained 
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with the modified apparatus using thoria-based electrolytes. 

5.B. Nb-Eb0 EPUILIBRIA 

 

E.M.F. Measurements 

In contrast to the e .m.f. measurements at high oxygen 

chemical potentials, considerable difficulties were en-

countered in obtaining reproducible data for cells 

incorporating the Eb-MIDO electrode. 

The initial series of experiments were conducted on 

the cell, 

Nb-Nb0/electrolyte/Fe-Fe0 

using either Th02.Y01.5  (90.10 mole 501' Th02.Y01.5(85.15 

mole %) or Th02.La01.5 (90.10 mole %) as the electrolyte 

material. 	These electrolytes were prepared by the standard 

procedure (Section 2.B.1.) in the form of dense translucent 

discs, approximately 10 mm. in diameter and 2 mm. thick. 

Advantage was taken of the provision in the modified 

apparatus for separate electrode compartments, and the cell 
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assembly illustrated in Fig. 2.E.3(d) was used, with two small 

.(approx. 1 in. x 3 in.) strips of titanium or zirconium 

located above 	in.) and below 	ins.) the upper 

electrode (Nb-Eb0). With this arrangement and using 
either purified argon or vacuum (1 x 10-5  Corr.), voltages 

were recorded at approximately 50°  intervals, in the tempera- 

ture range 700-1000°C. 	The cell response to changes in 

temperature was rapid and steady voltages (- 0.5 mV) were 

usually attained some 30-60 minutes after the cell had 

reached a selected temperature. 	For cell temperatures 

greater than 1000°C, however, the e.m.f. values slowly 

decreased with time (1-5 mV per hour), and it proved im-

possible to obtain constant voltage. 

A cell was cycled throughout the temperature range at 

least twice and typical results are given in Appendix VI. 
For each experiment the reproducibility of the e.m.f. data 

was not very good (approximately ± 10 mV at 700°C and 

- 5 mV at 1000°C), and in this respect there was no marked 

fLifference in the performance of the three electrolytes 

tested. 	Changing the cell atmosphere from vacuum to 

purified argon also had little effect upon the reproducibility 
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of the results, and all the data for this initial series of 

twelve experiments can be included within the area labelled 

(A) in Fig. 5.B.1. 

The e.m.f. values for a similar cell reported by 

Gerasimov et al.155 are also reproduced in Fig. 5.B.1- . and 

ban be seen to be about 30 mV higher than the initial 

results obtained in the present investigation. 	The silica 

apparatus used by these Russian workers was designed for 

vacuum operation, but contained no provision for separate 

electrode compartments and their cell assambly simply 

consisted of the three pellets, Nb-Nb0 electrode, 

Th02.La01.5  (90.10 mole %) electrolyte, and Fe-Fe0 electrode, 

pressed together between spring loaded platinum ar nickel 

contacts. A similar arrangement was tried in the present 

investigation with varying results. 	Only two of the seven 

experiments performed gave results comparable to those 

obtained in the initial series of experiments (i.e. e.m.f. 

values in the area labelled (A): Fig. 5.B.1.), and even 

though these values appeared reasonably steady over a period 

of 1-2 hours, maintaining the cell temperature constant 

fdr longer periods invariably produced a gradual decrease 
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in the cell voltage (1-5 mV per hour). 	The proportion 

of metal in the Nb-Eb0 electrode was also increased to 

75 mole %, but this change was not attended by any 

significant improvement in the behaviour of the cell. 

It was observed during these experiments that if the 

cell was rapidly cycled (100-150°  per hour) through the 

temperature range, then the voltages recorded under these 

dynamic conditions (Area (B) in Fig. 5.B.1.) were only 

slightly lower than those reported by Gerasimov et al.155 

however, as soon as the cell temperatui:,  was maintained at 

a constant value then the voltage steadily decreased. 	This 

procedure was repeated using the separate electrode com-

partment arrangement, and again under dynamic conditions 

higher voltages were obtained which steadily decreased 

to lower values (Area (A) in Fig. 5.B.1.) when the cell 

was maintained at a constant temperature. Unfortunately 

Gerasimov and his associates do not comment upon the 

stability of their e.m.f. values, and although the re-

producibility of their results is reported as ± 8 mV it is 

not evident from their published data that the voltages 

recorded by these workers were either stable or reversible. 

It certainly appe.ared from the relevant experiments in the 
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present investigation that the higher values obtained by 

Gerasimov et al. were measured under some non-equilibrium 

conditions*, and should not, therefore, be included in an 

evaluation of the associated thermochemical data. 
• 

In a further series of experiments, electrolytes of 

the following composition, Th02.Ca0 (90.10 mole %), 

Th02.Y01.5  (96.4 mole %) and Th02.Y01.5  (99.1 mole %) were 

each incorporated into a cell which was assembled with 

separate electrode compartments. 	Operating the apparatus 

in vacuum it was observed that although the cells containing 

the electrolytes Th02.0a0 (90.10 mole %) and 

Th02.Y01.5 (96.4 mole %) again gave results within the area 

labelled (A) (Fig. 5.B.1.), higher voltages were recorded 

for cells incorporating the elctrolyte Th02.Y01.5  (99.1). 

These higher voltages are represented by the line marked 

"99.1" in Figure 5.B.1. and the results of a typical 

experiment are detailed in Appendix VI. An outstanding 

* It may also be significant that Gerasimov and his 
associates annealed their Nb-Eb0 electrodes at 170000. 
In the present investigation the electrodes were prepared 
at 14000C (Section 21B.2.), and then annealed for at 
least 48 hours at 100000. 
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feature of these voltages was their reproducibility 

.(2 1.5 m.V.  over the whole temperature range). 	Moreover, 

the response of this cell to changes in temperature was 

such that these reproducible e.m.f. values were usually 

attained after about one hour except at the lower tempera-

tures (700-800°C), when the associated voltage changes 

were somewhat sluggish and equilibrium voltages were only 

recorded after 2-3 hours. 	Thereafter the voltages 

remained steady for at least 24 hours. 

To investigate if the relatively high resistance possessed 

by the 99.1 Th02.Y01.5  electrolyte (Section 3.B.3.) was 

responsible for these higher reproducible voltages, a 

specially designed high resistance electrolyte was fabri-

cated of similar composition to one of the electrolytes, 

Th02.Y01.5 (90.10 mole %), used in the first series of 

experiments. 	A thin walled crucible was first prepared, 

and the sides of this crucible were then almost completely 

cut away with a diamond saw until only two thin 'legs' 

remained. This special electrolyte shape was then 

incorporated into a cell as illustrated in Fig. 5.B.2. 

The e.m.f. values obtained with this cell arrangement 
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were in excellent agreement (± 2 mV) with those reported 

for the 99.1 Th02.Y01.5  electrolyte. 

Six experiments were performed with high resistance 

electrolytes and the associated cell voltage3are best 

expressed by the linear equation, 

E = 827.4 - 0.1555T (± 2.5 mV)* 	 Eq. 5.B.14 

F.023 - 13230d.  

frost which the following e.m.f. values may be calculated. 

Table 5.B.1.  

Electromotive force of the cell, 

Nb, Nb0//eintrolyt0e, FeO 

Temperature E.N.F. 
o
K  oC mV 

1023 750 668.3 

1073 800 660.6 

1173 900 645.0 

1273 1000 629.5 

1323 1050 621.7 

* The precision of the e.m.f. temperature measurements was 
- 0.2 mV -11d ± 10  , respedively. 
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Additional confirmation of the above results was provided 

by, combining e.m.f. measurements on the cells, 

Nb-Eb/Th02.Y01.5(99.1  mole 5/0)/Ni-Ni0 (two experiments), 

Nb-Nb0h02.Y01.5(90.10 mole %)/iTi-NiO (one experiment), 

(High resistance shape) 

with the relevant e.m.f. data already reported (Section 4.C.1.) 

for the cell reaction, 

Ni0 0.95Fe---->Fe0.950 Ni 

The voltages derived in this way were in good agreement (- 3 mV) 

with the values listed in Table 5.B.1. 

5.B.2. 	Discussion of e.m.f. data 

The e.m.f. of a truly reversible galvanic cell should 

not be affected by changes in the resistance of the 

electrolyte. 	It follows, therefore, from the observations 

reported in the previous section that one or both the 

electrodes in the cell, 

Nb-NbOlectrolyted/Fe-Fe0, 

can become polarised under the relevant experimental 
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conditions. 	This conclusion was supported by the results 

of the routine reversibility tests which required the e.m.f. 

to be unaffected by the passage of a small current (7,A) 

in either direction. 	The divergence from reversible 

behaviour is illustrated in Fig. 5.B.3. for cells incor- 

porating low and high resistance electrolytes. 	Although 

both cells became polarised during the passage of the current, 

the polarisation was less marked in the case of the cell 

containing the high resistance electrolyte. 	Moreover the 

final voltage eventually obtained for this type of cell 

was always identical (2: 1 mV) to the initial e.m.f., 

whereas cells containing low resistance electrolytes never 

attained the voltage originally recorded prior to the 

polarisation experiment, even after several hours had 

elapsed. 	The behaviour of the Fe-Fe° electrode was con- 

sidered earlier (Section 4.B.1.), and it was concluded 

that this electrode was fully reversible, at least up to 

currents of 	at 89000. 	It would appear, therefore, 

the Bib-Eb0 electrode is probably responsible for the lack 

of reversiNlity exhibited by certain of these cells. 

The importance of the electrolyte resistance is 

immediately apparent if it is assumed that the thoria-based 
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Electrolyte 

Composition 

Mole % 

Resistance 

OHMS 

800°C 	1000°C 

Electronic Current* 

Micro-amps 

800°C 	11000°C 

Th0 .Y01.5(90.10) 1540 	245 	2 	13 

Th02.Y01.5(99.1) 159,600 12,640 0.02 I 0.3 
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electrolytes possess a small but finite electronic con-

ductivity, equal, for example, to 0.5% of the total ionic 

conductivity. 	This level of electronic conductivity would 

certainly be undetected by any of the methods currently 

available for measuring electronic transference numbers, 

and Table 5.B.2. indicates the magnitude of the resultant 

internal 'short-circuiting' current for cells containing 

low and high resistance electrolytes. 

Table 5.B.2.  

Comparison of hypothetical electronic currents. 

* Calculated for a cell voltage of 650 mV and an electronic 

transference number of 0.005. 

The Nb-Nb0 electrode is obviously more able to cope with the 

smaller internal currents associated with the higher 
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resistance electrolytes, and it follows that the correct 

equilibrium potential is more likely to be maintained under 

these conditions. 

Many reasons can be advanced for the relatively poor 

Performance of the Eb-Nb0 electrode. 	It is possible, for 

example, that the magnitude of the internal 'short-circuiting' 

currents envisaged in Table 5.B.2. should be increased. 

This would certainly be the case if the thoria-based electro-

lytes were becoming slightly reduced at the low oxygen 

chemical potentials associated with the Nb-Nb0 equilibria, 

and in the absence of any reliable data to the contral,y, 

this possibility must certainly be considered. 

Oxygen from the surrounding atmosphere can also inter-

fere with the Eb-Nb0 equilibria as was very evident in the 

preliminary experiments (Section 2.E.2.). 	All these 

later experiments, however, were conducted with zirconium 

or titanium metal 'getters' present, and in addition, the 

Nb-Nb0 electrodes were always surrounded by protective 

collars of the same composition. 	Under these conditions, 

therefore, it appears that interaction between the lib-Nb0 

pellet and its gaseous environment would have little effect 
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upon the equilibria at the electrode-electrolyte inter-

face. 

At present it is only possible to speculate about the 

process which determines whether the Fb-Nb0 electrode is 

reversible or not. 	It is not known whether this process 

is diffusion controlled or associated with a specific 

chemical reaction, and it is considered inappropriate, 

therefore, to include any further comments about the be-

haviour of this particular electrode in the absence of any 

information about the relevant electrode kinetics. 

Low oxygen chemical potentials have alsomcently been 

measured by Markin et al. in the systems UO2+x77 and 

Pu02-x
78 

using solid oxide electrolyte galvanic cells. 

These workers employed Ni-Ni0 or Fe-Fe0 reference electrodes 

with Th02
.Y0

1.5 
(85.15 mole %) electrolytes in conjunction 

with an impermeable stabilized zirconia tube as devised in 

the present investigation (Section 2.E.2.). 	Reproducible 

voltages (± 2 mV) were claimed for values of/402 (100000) 

as low as -105 Kcals. in the U024.3c  system and -155 Kcals. in 
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the Pu02-x 
system (cf. Eb-Eb0 equilibria, 02  (1000°C) = 

-145 Kcal.). 	The solid state coulometric titrations 

performed with cells incorporating the U024.x  electrodes 

suggests that these cells were reversible. 	It is not 

stated, however, whether cells incorporating the Pu02_x  

electrode also behave reversibly, although concordant 

emf values (± 2 mV) were obtained for both the reference 

eledtrodes, hi-NiO, Fe-FeO, provided the oxygen chemical 

potentials.02  (1000°C)) were higher than -143 Kcal. 

Below this value the two sets of data were not in agreement 

and it is possible that the electrodes became progressively 

more polarised as the oxygen chemical potential was 

lowered. 	It is tempting to suggest that these observations, 

and the results obtained in the present investigation for 

the Nb-Nb0 equilibria, indicate a lower limit for accurate 

oxygen chemical potential measurements, using galvanic 

cells with thoria-based solid electrolytes, of approximately 

-145 Kcal. at 1000°C. Whether this apparent lower limit 

is determined by reduction of the thoria-based electrolytes 

or some special feature of the electrode processes is even 

more a matter for speculation. 

Whatever interpretation is placed upon the results of 
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Markin and his associates, their experiments illustrate 

once again the importance of clearly establishing that 

reversible e.m.f.'s are being measured. 	The present in-

vestigation also demonstrates the value of measuring cell 

voltages as a function of electrolyte resistance parti-

cularly under conditions (e.g. very low oxygen chemical 

Potentials) where the transport properties of the oxide 

electrolyte material are not well defined. 

5.B.3. 	Assessment of thermochemical data 

The experiments of Gerasimov et al.155 are the only 

other attempt, so far reported, to measure oxygen chemical 

potentials in equilibrium with the Nb-Nb0 system. 	It was 

suggested earlier (Section 5.B.1.) that these e.m.f. 

measurements are probably in error and do not represent 

steady reversible voltages. 	The results of the present 

investigation obtained with the high resistance electrolytes 

are therefore preferred and the principal uncertainty with 

these e.m.f. data is associated with the lack of information 

about the transport properties of the thoria-based electro-

lytes at very low oxygen chemical potentials. Fortunately 

oxygen chemical potentials for the Mn-Mn0 equilibria 
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= -139,500 Kcal.) have recently been determined CV"02(1000°C) 
by Zador156 using the same apparatus employed in the present 

investigation. 	The data were obtained by e.m.f. measure-

ments on the cell, 

Mn-HnVelectrolyte/Fe-FeO, 

for a variety of electrolyte compositions including 

Th02.Y01.5  (90.10 mole %) and Th02.Y01.5  (99.1 mole %). 

It was concluded from the excellent agreement* found 

between the experimental values of oxygen chemical potentials 

and  those calculated from the latest calorimetric data117' 

118, that the electronic component of the total conductimty 

was less than 1% for the thoria-based electrolytes over the 

relevant range of oxygen chemical potentials. Even if the 

electrolytes were becoming slightly non-stOichiometric in 

contact with the Nb-Nb0 electrode 	2 (1000oc)  = -145,000 

Kcal.), a significant increase in the electronic conductivity 

* A significant electronic conductivity would tend to make 

the experimental Mn-Mn0 oxygen chemical potentials more 

POSITIVE than those calculated from the calorimetric data. 
The experimental e.m.f. values, however, were consistently 

more NEGATIVE •-200 cal.). 
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is very improbable for a change of only 5 Heals. and a 

electronic transference number of 0.01 was therefore 

assumed for the ,:,,ress.77.t investigation. 	It follows that 

the oxygen'chemical ootentials associated with the Nb-Eb0 

eouilibria are given by the expression*. 

-202,810 + 45.60T (-2:- 700 cal.)   La. 

- [1023 - 1:52 

Provided the errors** introduced by ecuating the 

activities of NI) ard Nb0 to unity can be neglected, then 

the above ecuation also represents the standard free 

Nb + 0,95Fe: 	= 	3 7.17T 

/-:,„ 	 , 	1 	'‘ 
k.. .....,.. 	_.J..._.) 

+ .-,,, 	: AG'.--- 	-65.255 	+ 15.63? 0.95Fe 	Y202 '0.95°  
(Eo 4.5.) 

Nb + 11/40
2
---1:1b0 	: 2..'.G.. -101,405 + 22.807 

(Ec. 5.13.2.) 
i or example, -; the activity of ICI° ecuals 0.95 at 1000

o
C 

than the corresponding error would only be 260 cal. 
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energy change for the reaction, 

2Nb 02 
2Nb0 

Although Gerasimov
155 

et al. refer to specific heat 

values for I\1b0 and INb02 
it was impossible to obtain these 

data, and in the absence of any other reliable specific 

heat measurements for these oxides no attempt was made to 

calculate the associatedAH
o
298 

values. 

5.C. 	NbO-Nb02   EQUILIBRIA 

5.C.1. 	E.N.F. Measurements 

The following cells were used to obtain data on the 

Nb0-Eb02 
equilibria: 
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NbO,Nb02/Th02.Y01.  

MO,Nb02/Th02.Y01.  

NbOi Nb02/Th02.Y01.  

NbO,Nb02/Th02  Y03.  

Nb0,11b02/Th02.Y01.  

Eb,Nb0 /Th02.Y01.  

5(90.10)/Fe,Fe0 (two expts.), 

5(99.1 )fte,Fe0 (one expt.), 

5(99.1 )/Ni,Ni0 (one expt.), 

5(90.10)/Ni,NiO (one expt.), 

5(90.10)/Nb02'n205-x (two expts.) V 

5(99.1 )Ab0lribo2  (three expts. ), VI 

To provide a basis for comparing the data, the 

recorded voltages were adjusted*, where appropriate, so 

that all the e.m.f. values eventually referred to the 

standard Fe-Fe0 electrode. 	These e.m.f. values are in-

corporated in Fig. 5.0.1., and it is evident that the data 

obtained from all the cells are self consistent (± 3 mV) in 

the temperature range 900-1100°C. 	Below 900°C, however, 

the results show a considerable scatter. 

i.e. by using the available e.m.f. data for the reactions, 

Ni0 + 0.95Fe ----> Fe0.95  0 + Ni 	(Ea. 4.C.) 

Fe
o.95

0 + 2Nb02 --->0.95Fe + Nb205 	(Eq. 5.D.1.) 

Fe0.95 0 + Nb----40.95Fe + Eb0 	(Eq. 5.B.1.) 
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The response of all the cells examined to changes in 

temperature was very sluggish*, and it was considered 

necessary to maintain the cells at the various selected 

temperatures for at least 3-5 hours to ensure that steady 

voltages were being recorded. 	The behaviour of the cells 

during the reversibility tests also reflected the slow 

electrode kinetics. 	Large overvoltages (,,,J1 volt) were 

observed during the passage of the current (3A), and the 

cells only regained their original voltage after 6-24 hours 

at the higher temperatures (>900°C). 	At lower tempera-

tures the cells behaved irreversibly, and data below 900°C 

were disregarded. 

It is not known whether the poor performance of cells 

incorporating the NbO-Nb02 electrode is a characteristic 

property of the relevant electrode processes, or can be 

* It was extremely difficult to obtain reproducible data for 

cell VI, Nb,Nb0h02'YO1.5(99.1)/Nb0'Eb02' 
Reversible voltages could only be recorded after the cell had 

been maintained initially at 1000°C for approximately two 

days, and even then it was only possible to obtain meaningful 

data in the temperature range 950-1050°C. 
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attributed to the actual physical structure of the Eb0-Eb02  

Pellets. 	Although the standard procedure (Section 2.B.2.) 

for preparing the electrodes was varied (higher sintering 

temperatures, longer annealing times, changes in the Eb0: 

Nb02 
ratio), the pellets always appeared poorly sintered, 

and it was possible to remove particles of the constituent 

oxides by rubbing a finger across the surface of the pellet. 

Hoch157 and his associates have carried out experiments 

with the cell, 

Eb,EOr02.Ca0 (80.20 mole. %)/Nb0,11b021  

The values reported by these workers are very different 

from data obtained in the present investigation on cell VI. 

This lack of agreement, however, is not surprising as the 

zirconia-based electrolyte used by Hoch et al. must have 

possessed considerable electronic conductivity in contact 

with the IVY-Eb0 and Eb0-Eb02 electrodes (see Section 5.D.5.), 

and it suggested that spurious voltages from the R.F. 
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induction coil used to heat their cell assembly probably 

contributed to the erroneous e.m.f. values recorded 'by these 

investigators. 

The absence of any marked dependence of the emf values 

reproduced in Fig. 5.0.1. upon temperature, and the limited 

temperature range (900-1100°C) Over which the data was 

considered to be accurate, made it difficult to select an 

equation which best represented the emf values. 	As the 

cell which actually incorporated the Fe-Fe0 reference 

electrode was judged to give the best performance in terms 

of voltage response to changes in temperature and re- 

versibility experiments, more weight was given to the results 

assodiated with this cell, and the following linear 

equation, 

E = 401..0 	0.02 T (± 3 mV)   Eq. 5.0.1. 

p73-15751 

was considered to be the most appropriate to express the 

emf data for the cell reaction, 

Rb0 	Fe0.95  0 	0.95Fe 	E1002. 
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5.0.2. 	Thermochemical data 

According to the present investigation the oxygen 

chemical potentials associated with the NbO-Nb02  equilibria 

are given by the expression, 

y02  = -163,470 29.42 T (t 370 cal.)   Eq. 5.C.2. 

[173-1373°Ej 

which was obtained by combining the data from Eq. 5.0.1. 

with the equation (Eq. 4.B.1.) derived for the Fe-Fe0 

equilibria. 

The only other relevant high temperature equilibria 

measurements have been made by Gerasimov et al.155.who 

studied the reaction, 

Nb02  H2  —>klb0+ H20, 

over the temperature range 1400-1550°C. The relevant 

oxygen chemical potentials were calculated by combining the 

free energy eauation reported by these workers, 

= 29,490 - 6.10 T, 
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with the appropriate data for the standard free energy of 

Formation of water vapour, and the values so derived are 

plotted in Fig. 5.0.2., together with the data obtained in 

the present investigation. 	Although both sets of data 

were acquired over very different ranges of temperature, it 

does appear that the oxygen chemical potentials associated 

with the results of Gerasimov and his associates are much 

higher, and the entropy term much larger, than would be 

expected by extrapolation of the results of the present 

work. 	This discrepancy could be due to uncertainties 

associated with the measurement of large (r,..0200) H2/T-120 

gas ratios at very high temperatures, such as thermal 

diffusion, and porosity of the refractory tubes. 	These 

experimental difficulties could produce erroneous data in 

that oxygen chemical pbtentials, higher than the true 

equilibrium values, would be recorded. 

Finally, if the equation (Eq. 5.0.2.) for the reaction, 

2141°0 + 02  —+ 211b02 

is combined with the expression (Eq. 5.B.3.) for the standard 

free energy of formation of IMO obtained in-the present 
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investigation, then the standard free energy changes 

associated with the reaction, 

Nb + 02 -->Erb02 

are given by: 

Lel  = -181,140 4. 37.51 T (± 400 cal.) 	 Eq.5.0.3. 

[1173-13730K] 

assuming, of course, that the activities of Eb0 and Eb02  

can be ecuated to unity in equation 5.C.2. 

5.D. 	Eb02-Nb205  x  EQUILIBRIA 

5.D.1. EMF Measurements  

No problems were encountered with the cell, 

Eb02,Nb205_x/electrolyte/Fe,Fe0, 

which gave steady, reversible, reproducible (1.-  1 mV) voltages 

over the temperature range 700-1100°C. 	The cell response 

to changes in temperature was rapid, and the results obtained 
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from three experiments with the above cell were confirmed by 

additional experiments in which the Fe-Fe0 reference 

electrode was replaced by Ni-Ni0 (two experiments) and 

NbO-Nb02 (two experimetts*). 	The electrolytes** incor-

porated in the cells were either Th02.Y01.5 (99.1 mole %) 

or Th02.Y01.5(90.10 mole %) and identical voltages (± 1 mV) 

were recorded for both electrolyte compositions. 

The data obtained in this series of seven experiments 

were plotted on a large-scale graph by referring all the 

emf values to a standard Fe-Fe0 reference electrode; and the 

equation of the best straight line drawn through the points 

is given by, 

281.8 - 0.1067 T (± 1.2 mV)   Eq. 5.D.11 

[973-1373°K] 

* Only emf measurements above 900°C were considered for 
this cell. 

** The results obtained with similar cells incorporating 

zirconia-based e.12ectrolyLes have already been discussed 

(Section 3.D.5.), and presented as evidence for the occurence 

of electronic conductivity in these electrolytes. 



5.D.2. Comparison of thermochemical data 

The partial molar free energies of oxygen, derived 

from the emf results of the present investigation, for the 

rib02-Nb205-x system can be expressed by the following 

equation, 

02 
= -152,470 +.41.10 T (± 290 cal.) 

[973-1373°K] 

 

Eq. 5.D.2. 

 

The straight line represented by this equation is shown in 

the adjoining Fic;. 5.D.1., together with data reported by 

Gerasimov et al.155  (H20/H2  equilibria), Grube and Plad158  

(H2/H20 equilibria), and Worre1159  (C/C0 equilibria) for 

the same system. 	The line derived from the emf results 

of the present investigation is in good agreement (,-,-,500 cal.) 

with the values recorded by Grube and Flad in the tempera-

ture range 925-975°C, and the extrapolated line is also 

consistent (,--/500 cal.) with the data of Gerasimov et al. 

obtained at higher temperatures (1175-1375°C). 	It is 

proposed, therefore, that equation 5.D.2. need not be 

modified as it represents the most accurate data available 

over a wide range of temperatares (700-1100°C) 
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Further discussion of the Nb02-Nb205-x system is 

postponed until the composition of Nb205-x  in equilibrium 

with Nb02 
has been considered in the following sections. 

5.E. 

 

NON-STOICHIOMETRIC Nb205 x 

 

5.E.1. 	EMP Measurements  

Electrodes were prepared from the five compositions 

listed in the following Table 5.E.1. 

Table 5.E.1.  

Electrode Compositions 
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The standard procedure, summarised in Section 2.B.2.1  

was followed for the preparation of the electrodes in that 

compacts of the appropriate quantities of Spec-pure niobium 

and niobium pentoxide powder were placed in thoria crucibles 

and heated in vacuum for 24 hours at 1200°C, and then 

annealed for a 48 hour period at 1000°C. The pellets were 

subsequently ground, re-pressed, and then annealed for a 

further 24 hours at 1000°C. 	At the completion of this 

treatment the electric power to the vacuum furnace was 

switched off which ensured that the pellets were rapidly 

cooled, at least to approximately 300°C. 

X-ray diffraction photographs indicated that four 

(b, c, d, e) of the electrode compositions consisted of 

only one phase with a structure similar to that of stoi-

chiometric an205' The X-ray photographs of the fifth 

composition.(Bb204.823) contained additional lines which 

did not, however, correspond to the diffraction pattern 

for the lower oxide Nb02. 

Three separate batches of each composition were 

prepared and one electrode from each batch was incorporated 

into the cell, 
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Nb205-x/Th02.Y01.5 (90.10 mole %)AelFe0 

For each composition it was observed that pellets from the 

three different batches produced similar emf values (± 2 mV), 

which indicated that the method of preparation gave re-

producible compositions*, although the precise composition 

was not verified by chemical analysis. The excellent 

reproducibility of these voltages, which were also shown to 

be reversible, was, however, limited to temperatures above 

approximately 8000C for the four compositions, b, c, d, e. 

Below this temperature there was a greater variation 

(± 5 mV at 700°CYinthe emf values recorded, and so the 

following linear equations, reproduced in Fig. 5.E.1., 

only represent the data obtained in the temperature range 

800-1100°C, 

E(Nb204.857) 

E(Nb204.889) 

= 

= 

328.6 

370.4 

- 0.1525 T 

- 0.1983 T 

(± 2 my) 	 

(± 2 mV) 	 

5.E.1. 

5.E.2. 

* To confirm that the original components (Nb and Nb00) 
had completely reacted and to ensure that the compositidn 
of the pellets was not being affected by the vacuum treat-
ment, one of the batches of composition W (Nb004 946) was annealed for a week at 1000°C. The emf vatue 
subseouently recorded were similar (± 2 mV) to those ob-
tained with electrodes taken from the other two batches 
prepared by the standard procedure. 
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= 0.2456 T 

- 0.3125 T 

(± 2 mV) 	 

(± 2.5 mV) 

5.E.3. 

5.E.4. 

More variable results were obtained with cells in-

corporating composition 'a' (Nb 0 - 2 4.823). 	Emf values were 

always in good agreement (± 2 mV), and reversible, in the 

range 1000-1100°C, and also between 10000C and 90000 when 

the voltages were recorded for decreasing temperatures. 

Below 90000, however, there was considerable scatter in the 

results which is depicted by the shaded area in the 

adjoining Fig. 5.E.1. 	The cell was not reversible in this 

region, and reproducible values could not be recorded 

again until the cell temperature had exceeded 1000°C for 

several hours. 	It is reasonable to conclude with reference 

to Fig. 5.E.1. that the phase Nb02  is being precipitated 

around 9000C, and the apparently sluggish kinetics associated 

with this process made it impossible to record reproducible 

equilibrium voltages. The following equation for the emf 

values associated with the electrode composition Nb204.823, 

is therefore only applicable to the temperature range, 

900-1100°0, 

E = 294.2 - 0.1173 T (± 2 mV) 	
 5.E.5. 
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5.E.2. 	Discussion of thermochemical data 

The emf values for the five non-stoichiometric 

compositions reported in the previous section, were con-

verted* into the following expressions for the relevant 

oxygen partial molar free energies of solution, 

AG. (Nb204.823) = -153,610 + 42.08 T (± 310 cal.) 2 

AGo2(lib204.857) = 

02(N10204.880 = 

[473-1373°E] 

-156,790 + 45.32 T 	310 cal.) 

[1073-1373°4 

-160,650 + 49.56 T (± 310 cal.) 

[1073-1373°E] 

CgS (Nb 0 	= -164,130 + 53.92 T (± 310 cal.) o2 	2 4.918)   

[1073-1373°4 

AG (Nb204.946) 	-169,410 + 60.10 T (± 340 cal.) 
2 

* e.g., for the composition Nb204.889, 
Fe0.950 + 1/x Nb20 4.889 0.95Fe + l/x Nb204.889+x  (x-)0) 

AG 	-17,090 + 9.15 T (Eq. 5.E.2.) 
0.95Fe + 1h02 	Fe0.950: AG . -63,235 	15.63 T (E0.4.13.1.) 
• . 1/xNb204.889  + 1h02 1/xNb204.889+x: 	= -80,325 + 24.78 T 

[1073-1373°K] 
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These oxygen chemical potentials are plotted as a 

function of composition for the three temperatures 1100, 

1250, 1400°K, in Fig. 5.E.2. 	As there are no evident 

discontinuities, the isotherms are drawn as smooth curves 

which may be extrapolated to provide an estimate of the com-

position of the Nb205-x phase in equilibrium with Nb01  as the 

oxygen chemical potentials associated with this equilibria 

have already been established (Section 5.D.2.). 	This 

limiting composition is indicated in Fig. 5.E.2. and varies 

from approximately Eb204.827  at 1100°K to Nb204.815  at 1400°K. 

The oxygen partial molar free energies of solution 

(Fig. 5.E.2.) measured by Grube and Flad158  (H2/H20 equili-

bria) at 1253°K become less negative with decreasing defect 

concentration much more rapidly than the values obtained 

in the present investigation at 125$°K. 	There is, however, 

reasonable agreement with the present data at large devia-

tions from stoichiometry. The results reported by Kofstad 

and Anderson160 are also included in Fig. 5.E.2., and although 

the composition range examined by these workers did not 

extend to the larger deviations from stoichiometry studied 

in the present investigation, it is evident that both sets 
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of data are inconsistent*. This discrepancy might be due 

to the experimental difficulties mentioned by Kofstad and 

Anderson in a description of the gravimetric technique 

which was used to measure the changes in composition. 

The present electrochemical experiments provide no 

evidence for the occurrence of discrete intermediate phases 

in non-stoichiometric Nb205 as the oxygen partial molar 
free energies of solution appear to be a continuous function 

of composition. 	It was concluded, however, by Norin and 

Magneli153, and Gruehn and Schafer154, from X-ray examina-
tions of reduced Nb205, that two separate compounds exist 

within the composition range investigated in the present 

study (see Fig. 5.E.2.). 	Although the crystal structures 

have not yet been published it has been proposed that 

these compounds are members of an homologous series of oxides, 

with the general formula M3n08n_31  and are also isomorphous 

with a series of mixed oxides reported by Wadsley161 in the 

* The good agreement with the results of Grube and Flad 

noted by Kofstad and Anderson is erroneous, as the values 
used by the latter workers for the relevant Nb205-x composi-
tions are incorrect. 
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Nb05 - TiO2 system. The formulae of these related oxide 

phases is 'shown in the following Table 5.E.1., and the 

compositions of the relevant oxides are also included in 

Fig. 5.E.2. 

Table 5.E.1.  

Intermediate Oxide Compositions.  

(?) indicates that compounds have not so far been prepared 

or reported. 

Homologous seauences of intermediate compounds are 

known to exist at low temperatures in many other systems 

originally reported as homogenous non-stoichiometric phases, 

as exemplified by the series of homologous oxides of 

molybdenum, 	(Mh05n-1), tungsten (Mn03n-1),  titanium 
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(Tin02n-1), and vanadium (V_
rle
O,

n-1)  / 
discovered by ilagneli 

and his associates162, 163. 	Other sequences of inter- 

mediate phases hate also been established for the oxides 

cerium164 1  praseodynium165 and terbium166. 	It appears, 

however, from the high temperature studies of Bevan and 

Kordis (Ce-O)1671  Brauer and Gingerich (Ce-O)109,  Bevan,  

Hyde and Eyring (Pr-0)1101  that the phase-boundaries of 

thdse intermediate compounds broaden and eventually dis- 

appear to produce a single phase possessing an extensive 

range of non-stoichiometry. 	Analogous behaviour may be 

exhibited by the intermediate niobium oxides, Nb120291 
lib15037' which would explain why these phases were not 

detected at the higher temperatures (>800°C) involved in 

the present' investigations. 

An unequivocal decision about the defect structure of 

* Schafer has recently identified SIX phases in the com-
position range Nb204-Nb2 0 5  and ruprts that the associated 
compounds are stable up to 1300°C-L°°. 	It is possible, 
therefore, that the oxygen partial molar free energies of 
solution of the five compositions examined in the present 
investigation do not fall on a smooth curve as assumed in 
Fig. 5.E.2., but are separated by narrow, univariant two- 
phase regions. 	This uncertainty would be resolved by 
making additional emf measurements with compositions 
spaced much closer together. 
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non-stoichiometric Nb205 
is not possible with the data at 

present available, although an oxygen vacancy model is 

usually preferred to a structure involving interstial 

niobium ions (cf. non-stoichiometric TiO2). 	Kofstad and 

Anderson160, for example, interpreted their g'ravimetric 

results on gEb205 in terms of non-interacting doubly-

ionized oxygen vacancies, and claimed that the concentra- 

tion of these vacancies was proportional to p, 	as 
'2 

required by the Schottky-Wagner approximation*. This 

treatment leads to a constant value for the oxygen partial 

molar enthalpy of solution, whereas the values derived in 

the present investigation (Fig. 5.E.3.) are obviously a 

function of the defect concentration. 	It is unlikely, 

however, that the Schottky-Wagner theoretical model, which 

is strictly valid for very dilute systems, is applicable at 

The relevant equilibria may be represented 

2- 	1/202(g) 	+ 2e- °lattice  

as follows: 

and 
	
Eel 	2[D] 
	

K = 4 LI-0_1 3  x po 
 2 

	

i.e. E
D--] 	P02 

It should be noted, however, that the measurements of 
Greener,g.4 al.172, and the more recent investigation of 
Kofstad1477  indicate that the electrical conductiv;ty of 
almost stoichiometric Nb205 is proportional to po 2 
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the defect concentrations (204.920
-lib204.995) investigated 

by Kofstad and Anderson, and the apparent confirmation of.  

the predicted relationship between defect concentration and 

oxygen partial pressure is probably fortuitous as no 

allowance is made for interaction or association of defects. 

If interactions between defects on adjacent sites are con-

sidered as in the theoretical models of Anderson169 and 

Rees170, then the partial molar enthalpies of oxygen should 

depend upon the concentration of defects (x) and the nearest-

neighbour interaction energy (En) according to a relation-

ship of the type, 

L. n
o2 	

Es - x En, 

where Es is the energy (per mole 02) associated with' the 

transfer of gaseous oxygen molecules to anion sites in the 

crystal lattice. 	An almost linear dependence upon defect 

concentration is shown by the partial molar enthalpies 

obtained in the present investigation (Fig. 5.E.3.)1 	A 

simple linear equation, however, would probably be in-

adequate to express the variation of this thermodynamic 

quantity over a more extensive range of composition, as 

similar data*, reproduced in Fig. 5.E.3., for other anion 

* Relevant values of oxygen partial molar entropies of solu-
tion are also compared in Fig. 5.E.4. 
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deficient oxide systems, Ce02_x 
167 CaU04-x

171
, indicate 

that the partial molar enthalpy values change more rapidly 

as the stoichiometric composition is approached. 	It is  

possible to further improve the theoretical model by taking 

into consideration association of defects as demonstrated by 

Anderson and Barraclough for the CaUOLL_x  system. 

Before attempting a. similar analysis of the Eb205_x  phase 

it is desirable to acquire more extensive data than is 

available from the present preliminary study of this system, 

and it is suggested that the additional measurements be 

made with galvanic cells incorporating solid oxide elec-

trolytes as the data associated with this technique should 

be more accurate and precise than that obtained by 

alternative methods. 

5.F. THERMOCHENICAL DATA FOR STOICHIONETRIC Nb205 

Oxygen partial molar free energies of solution as a 

functin of composition for the non-stoichiometric Nb205-x 

phase are available from the previous section, and these 

values can be combined with the relevant data for the 

Nb02-Eb205-x equilibria (Section 5.E.2., Eq. 5.E. .) to 

provide information about the free energy of formation of 
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stoichiometric 1\'b205. 

For the reaction, 

2Nb02 Y202 	Nb205 ' 

2.5 

AG = 2 
	

AG 0402).dn, 

2.0 

and it follows that ifAd C1/202)* is plotted against n (where 
No n is the domposition expressed as NbOy, i.e. 7, ) then the 
'\Nlb 

integral free energyAG may be obtained by determining the 

area under the curve. 	If LAG is therefore determined at 

two temperatures (e.g. 1173 and 1373°K), then an equation 

for the relevant standard free energy change as a function 

of temperature can be derived. 	Appropriate values at 

* Although the oxygen partial molar free ener-4es of solu- 

tion were only determined over a limited composition range 
in the present investigation, it was assumed that Eb205  is 

exactly stoichiometric at an oxygen partial pressure of 

1 atm. The shape of the above curve is such that the 
error introduced by this assumption is probably negligible. 
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1173 and 1373°K are -51,290 and -46,790 cal., respectively, 

and it follows for the reaction, 

2Nb02 Y202 >Elp205 

that, 	
,AG°  . -77,660 + 22.49T  	Eq. 5.F.1. 

If this equation is combined with the expression derived 

earlier for the standard free energy of formation of Nb02 

(Eq. 5.0.3.), then for the reaction, 

2Nb + 2202  ---*Nb2051 

LG° 	-443,940 97.51T   Eq. 5.F.2. 

Values derived from this equation are compared with 

calorimetric data* at 1000 and 13000K in the adjoining 

Table 5.F.1. 

* Values recommended by Kelley117, 118 were used for the 

quantities (II°T -II°298),(S°T -S°298) and S°298, together 
with the H°298  value listed by Skinner132. 
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Table 5.F.1.  

Temperature 
oK 

Thermodynamic 

Quantity 	j 

This 

Investigation 

-346,430 

-443,940 

Calorimetric 

1000 

AG°  (cal. mole-1) 

LII°  (cal. mole-1) 
-I 

-349,920 

-450,500 
deg, 

L'IS° 	(cal./mole-j-) - 97.51 -100.58 

1300 

AG°  (cal. mole-1) -317,260 -320,030 

-448,270 AH°  (cal. molle-1) -/M3,940 
-  deg 1  

AS° 	
deg` 

(cal./ 	) - 97.51 - 98.65 

It can be seen that there is reasonable agreement between 

the two sets of data, particularly in view of the simpli-

fying assumptions made in the present investigation about 

the activities of Eb0 and Nb02' which were always taken as 

equal to unity. 

Finally, the integral free energies and enthalpies of 

formation at 1273 °K (1000°C) of NbO, Nb021  Nb205  are 

summarised in Fig. 5.F.1. per gm-atom of oxide, and in 

Fig. 5.F.2. per gin-atom of niobium. 



Nb02  Nb205  

50 
—A H 

Kcals  I grarn atom 

NbO 

1000°C 25 

25 	-50 
ATOM °/0 0  

75 

751- 

50r- 
-AG 

Kcalsigram atom 

25 

FIG.5.F.1 
	

INTEGRAL HEATS AND FREE 
ENERGIES OF FOR 	(per gram atom 

of oxide) 

25 

	

	 75 
ATOM °/0 0  



2.0 25 . .5 
NbOx  

0.5 	1.0 

FIG.5.E.2 INTEGRL HEATS AND FREE  
ENERGIES OF FOR I\ '; AT ION ( per cram 	atom 

of N lob iu m ) 
225 	 MD')  05  

201 
—AG —d or 

1751- 
( Keats / gram atom 

of Nb ) 

15O - 

125 

100 

75 

oNb2O5 

Nb0 ° 



-196- 

5.G. 	CONCLUSIONS  

The present investigation has demonstrated that galvanic 

cells incorporating solid oxide electrolytes can be success-

fully used to measure oxygen chemical potentials outside the 

range of conventional gas equilibration techniques. 	However, 

in spite of the potentialities of the emf method only a few 

similar studiei at low oxygen chemical potentials have so far 

been reported, which also illustrate the precautions to be 

observed if reliable, reproducible, data are to be obtained. 

It is impossible, for example, to assess the results of Hoch 

and his associates
157,174 as their zirconia-based electrolytes 

must have possessed considerable electronic conductivity 

under the prevailing experimental conditions, and reference 

has already been made to certain of the measurements 

associated with Gerasimov, Kusnetsov and Rezukkina
25
' 
80, 81, 

155, 175 The cell arrangement used by these workers did 

not include any provision for separate electrode compartments, 

and whilst this may hot be absolutely essential, it does 

greatly facilitate the acquisition of reliable reproducible 

data, and its omission may account for ceftain of the low 

voltages recorded by Yakovleva and Ar±yah
176 

in a preliminary 

emf study of the Ti-0 system. 

Many of the experimental problems are due to the high 

affinity for oxygen possessed by these low oxygen chemical 

potential electrodes, and it is obviously desirable to in-

corporate any feature in the cell design which promotes 

local equilibrium at the electrode/electrolyte interface. 

Modifications which were found necessary in the present in-

vestigation included the use cif 'getters', separate electrode 

compartments, protective electrode collars, high resistance 

electrolytes, and it is suggested that if these features 
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are embodied in the cell design, 	 oxygen 

chemical potentials are not too lowl_07  (1000°C) >—l45 

Kcalj , then the reproducibility of the experimental 

values is generally very good (L. 200 cal.). 	Once again the 

principal uncertainty is due to lack of rrecise information 

about the magnitude of the electronic conductivity. 	it 

appears, however, that the electronic component does not 

exceed 1% over the range of oxygen chemical potentials 

studied, and may well be considerably lower. 

In addition to measuring thermochemical data, similar 

cells incorporating solid oxide electrolytes have obvious 

commercial applications for determining the oxygen content 

of both gaseous and condensed phases (c.a... l cUic metals). 

Application of this technioue, however, to higher tempera-

tures and lower chemica potentiills may wo_L renuire the 

development of alternative solid o: 	el electrol7te systems, 

and it is most imPortant, therefso-e, 	7.;tudets 

be made of the electrolytic transport properties of this 

class of materials. 	_additional studies should also in- 

clude investigations of the relevant electrode :1-inetics 

so -that the electrochemistry of galvanic cells incorporating 
solid oxide electrolytes can be made more amenable to a 

satisfactory theoretical interpretation. 
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T  

Zxpression for 	clifThsion 7otertj,,•_1i n solid electrolyte 

The follow 	_ivation 	 -sed 

by Wagner" in his 	treatmer'G of ale Earabolic 

growth rate of a metal oxide film duringoxidation. 

Independent migration of each type of particle is 

assumed, and the final expression is strictly confined to 

small concentrations of lattice defects and to small 

deviations from the ideal stoichiometric ratio. 

The rate of migration will be determined by both the 

chemical Potential gradient and the electrical potential 

gradient. 	I i  is the chemical potential of N particles 

(i.e. one mole), the force acting on the average upon a 

Particle in the x-direction is: 

1 cjAi. 
x 

If 	is the mobility of particles of species i, 

that is, the velocity obtained under the action of unit 

C. Wagner, Z. Phys. Chem., B21, 25, 1953. 
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Iorce, then the velocity of these Particles due to the 

gradient of cllomic-1 potential will be: 

The corresponding expression for the action of the 

electrical potential on a Particle having a charge zie, 

will be: 

	

= 	 e o cio -I 
c)x 

0 • 0 When the two forces are acting together: 
\ 

x 
▪ zi  .e. 

if C. is the concentration in moles. cm-3, then the 
1 

rateoftransport of any constituent i in moles 

per unit time in the x-direction is given by: 
7- 	N't ! 	 . 	

c)cd 	 

	

. = v.C. = -B C 1  2.- 	c/'LD . ;.--- 4. Z.0e0 ,-..---! 	 A.I.a. JI 	1 1 	i :1 1 N 

	

x 	1 	d  x  j 

The flux is related to the respective partial current 

density by.: 

I. = 
i 	

24. .N.J = z."ET.J.  - ! i 	1 
N. N / 

O 7, n ---, 1 1 	
k 
 ._,_ 	tilo

\ 
 

; 	 i 4 4 

 

I. 	= *-___) K_, 	12 I 77'. 	..---.--. 	4- Z,4eo 	.----*;, . 	 A.I.b. 

c,.; 4-3- 
When there is no gradient of composition (,- 	= 0) then: 

Qx 



iii 

	

i 1
2 	Tr. ki e F 6x = - 

whereat. is the partial electrical conductivity of consti-

tuent i. 

If the total conductivity is represented by G', then 

the transference number of the species i is defined by: 

=t * 
t. 

and C.B. = 1 	and equation A. 'I .b. may be re-written: 1 1 	z.2e F 

1 . I = 	N  .
x
i   + zi... 

Z. i  

= 	*.d1 1.7 • z  

1 

	

1 	

t 
1 . 

	

X 	  

48.) 

t. 

It follows that when chemical potential gradients are 

imposed across a solid, for example the metal compound MX, 
e , m ex the constituent ions and electrons 	, e) will com- 

mence to migrate, and the individual partial currents 

(IM"ml  IXzx, Ie-) within the solid may be expressed by 

4 7 	equation A. I .c. The different mobilities of the various 

charged species will produce a charge separation, which, 

under steady state conditions, will lead to the rapid 

establishment of a constant electrical potential (the 

diffusion potential) within the solid. Further, in the 

* The relationship between experimentally determined trans-
ference numbers and those defined as above, are discussed 
in Appendix IV. 
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absence of any external electrical circuit, there can be 

:no resultant total current, and therefore the sum of the 

internal partial currents must be zel-o. 

Therefore: _I 	IX4' 	Is-  = 0 

7+  
— 

But
7 

WM. 

(.. 
and IXzx  =   

11! 

( ',, e ,e 	c.;2 .7 
and Ic . 	 -,- ,:, 

3  
i 	 c.,• 	x 	 c,) .1, 

) 

0 	z,-.- 	c'S 	I 
	t  

uri  
. . 

 
(ti 	' 	467,7z:7:  + te) -- =-- x 	F 1 z1.1 

• te,, 

+ etc.) 

which may be expressed in the general form: 

Diffusion potential 	= 	,7 	Z1 

In this expression the charge carried by a particular 

species also determines whether zi is positive or negative. 
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 	=7 for  cells fnvolvin solid electrolytes' 

The .:lectrochemical Potentials of charged particles 

have values de ending upon the electrical state of the 

appropriate phase as well as on its chemical composition. 

Accordingly the electrochemical potential of a charged 

Particle may be conceptually divided into two terms as 

follows: 

= Al 
	

cil• z • ▪ F 

where.,4.1 is the electrochemical potential of the charged 

component i in phase 
	

is its chemical potential in 

the same phase, z, F is its charge per mole with approp-

riate sign, and 0' is the inner electrical potential of 

the phase • 	It should be emphasized, however, that any 

division of the electrochemical potential into a chemical 

Part and an electrical part is in general arbitrary and 

without physical significance. 

It follows-  that the electromotive force of a 

For example see, 
E. A. Gugp..enheim, 'Thermodynamics', 4 	ean., North-~o! land 

Press, Amsterdam, 1959. 
D. J. G. Ives and G. J. Janz, 'Reference Electrodes', 
Academic Press, London, 1961. 



galvanic cell can only be tharmoiynamically define6.- y 

measul-ing the emf betan two phases having the same 

chemical composition -gat different electrical potentials. 

Invariably a metallic P'flase (Cu, Ag, Pt, etc.) is em-

ployed so that no space charge ban be sustained, thus 

ensuring that the bulk material has the same overall elec-

trical potental. 

To facilitate the theoretical analysis of cells in-

volving solid electrolytes it is convenient to regard the 

measured emf as the sum of the potential differences 

existing between the various phases in contact. 	Consider, 

for example, the following: 

ii 	solid 	Ti 
electrolyte 

In this cell, the two chemically identical metal electrodes 

have the electric potentials e"  and  p " respectively, and 

the corresponding potentials within the electrolyte phase 

are designated c.;' arld e 

By definitions  the electromotive force (E) of the 

cell is given by: 



0 
0 0 

vii 

But 1' 

ee 

= 	 i) 

M 	
T.T2t 

= 	 e 7/14  ) 

_ ft — 

At both the metal&lectrolyte interfaces, the electro-

chemical potentials of the electrons in.the adjoining 

phases must be ecual when lodal ecuilibrium has been 

established, 

i.e. /
c„ M' 	

andjLte 
1112 

O 

 /2e
M' -

22.2  

and simi2rarly, 

I3 	i N;, 
- 	. 

The metal electrodes, M' and -21" have 	s7,-,72e  

chemical composition, and it follows =//Z e 

4- (c.;" 	$4) 
	

94 

1 	f 
and E = F ( 	.L s 	e )  
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To illustrate the a-Dplication of the above expression, 

the 2ollowing typical cell is considered in which the 

au:Kiliary electrol:yte consists of a solid solution of the 

2,z,C2  s. id Ca0. 

Pt 
/
Fe „Fe0Zr0 	Ca° 	„N-i 0 

2 

At elevated temperatures, difftsion will certainly occur, 

and the cell is more correctly represented as: 

2e0(0._=1) 
Pt .Fe 67-02-i-Ca0 

Fey  

 

7in(a=1) 
Zr02i-Ca0 

  

It is assumed that the solid solutions adjoining 

each electrode meet in an intermediate boundary zone in 

which the composition varies continuously from one extreme 

to the other. 	This zone may be considered as being 

located between the two dashed lines in the above cell. 

E = 55' ' ( 
dc, 	ee)  7  (sis 

t equilibrium, the electrochemical potentials of the 

electrons in the Pt, Fe and adjoining electrolyte phase 



ix 

must be eaual, and therefore eauation A.II.a. is valid, 

i.e. 

	

1 	04  E 	Vie fie) 	(ce - 0")    A.II.a. 

Alternative expressions for the two terms in this 

equation may be derived as follows. 

If the electrode Fe/Fe0, is reversible to oxygen ions, 

then the local thermodynamic equilibrium may be expressed 

by: 

2Fe + 202- -c---.=2Fe0 + 4e 

(c) 	(474) 	(") 
i.e. 34Fe + 3/740

2.
= 2AFe0 + 	,Fie 

	

@0 	oc) 

yEow "i:02- = 	..40"--  --4FS(c‹.)  

(44) 6x) and y-Le 	= 4/-/- )  -- 4F0 

• 
. . The electrochemical potentials of the oxygen ions and 

electrons can be replaced by their respective chemical 

Potentials. 

Rearranging: 

ziAe  ) (co 	(cx) 
Fe° 3402- 

But2/ /-4F60 

(44) where, 02 

i(cx) 
17402' 

is the chemical potential of oxygen established 



by the Fe-Fe0 equilibria, 

. 
• • LyAe°x) 	(00 

= 7/1402  
oc ) 2/402- 

Similarly at the R.H.S. electrode: 

y4e  03) 
2 7- 	9  

2 	
O2 

Ca  ) 
4-  

where/& i s the chemical potential of oxygen established 
2 

by the Ni-Ni0 equilibria, 

.(-e)= b., 	filic  ,  - 2 ;48 -.) . 
/ u2 

The second term in equation A.II .11., (04  - 0' ), is 

the diffusion potential within the electrolyte and is due 

to the different mobilities of the various constituent 

ions and electrons. An equation for the diffusion poten-

tial has been derived in Appendix I, and for the cell 

under consideration: 

1YZr'4.  
a  

4 yk 4+ Zr Y 2+ta 
tCa2+  

cr 

 
cc  2 
tNi2+ 	2+ 

__2_ tFe2+ 
e
2+ 

C 1  544-  
t 02- . 

	to 
/ 	a 

A 	

6 
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Experimental data, which is discussed in Section 1.D. 

indicates that t02 %> tZr4+1  tCa2+, tFe2+, tNi2+, for the. 

solid electrolyte (Zr02  Ca0), and therefore the 

expression for the diffusion potential reduces to: 

cl3 
	2_`° 2— 

/y3 
t to2_  

to yLe 

The total electromotive force (E) for the cell under 

consideration is now given by: 

L..104 

E 1 
F ) + ( gs/3  — or(  ) 

  

 

1 
4F --2 1V3 	

(Y3 
t02- _ 

F 2 te.c.e  

      

       

       

       

As stated above, uZr
4+ 

 ' tCa2+ tFe2+, t 2+ may be 

neglected, 
• 

• • to + to2- = 1 

Rearranging: 

E= to 
4F 

7 

fA  

2- 	4dAel 

J 



02 
• 4e = 202_ 

= A2- - ,ae 
A02  

d 2.  
// 
r/3° 
	

!" 

2 

Now 

• • • • 

and ONO (174 94e  

1 
4F I 

Ci).c< 

t02- . 1 
4F 

xii 

• 
0 • 

(Equation A.II.b.) 

Further, if the electronic transport number is also 

negligible then: 
p (8  ) 

2 
1 f 	

0) 	
4 (a.)) =

RT 
2iT 	 17:72°C7 

,,  
E  = 4F )/6-0 	

02 	2  

and the expression, G = -nEF, is thus applicable. 

, Because none of the ions present zr4+  Ca2+  , Fe
2+ 

 

Ni2+, has a mobility in the solid electrplyte ZrO2  = Ca° 

comparable to that of the oxygen ions, then there can be 

no transfer of one of the oxide components between 



different activity levels in the electrolyte. 	It should 

be emphasised, therefore, that the emf of the cell is 

given by equation A.II.b., regardless of the solubility 

of Fe and 	in the solid electrolyte. 

Similarly, for any oxygen concentration cell the 

following general expression can .1so be derived, 

E t ion . 
/ '2 

where t ion is the ionic transference number of the 

electrolyte. 
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APPENDIX III  

Transference numbers in solid electrolytes 

The problem of defining transference numbers in a 

solid electrolyte, as compared to acueous electrolytes, 

arises from the absence of an inert solvent reference 

frame against which to compare the relative velocities of 

the ions. ' This difficulty has been discussed by Bray and 

Nerten* who have shown that the apparent transference 

numbers determined by different experimental techniques are 

not identical. 

Due to the relative motion of the entire crystal 

lattice, the expression for the flow of charged species 

(cf. Appendix I, ecuation A.I.a.) is more correctly 

written as the sum of two terms, one representing the 

diffusion of the species in the crystal lattice, and the 

other the motion of the lattice as a whole , viz. 

Ji = - CiBi 	x 	zi.e. 

   

Ci  3 x 
where Iris the velocity of the lattice in the x-direction 

with respect to a reference frame. 

* D. T. Bray and V. Merten, J. Electrochem. Soc., 1964, 

111, /1'17-452. 



C.;Ai 
When there is no gradient of composition ( 	= 0),  

the partial current densities may be written as: 

Ii 	 ac6 . 	- 	ci 

where the partial conductivity Crl = Z.;
2
eFE,i0i. 

The total current is 

3fs 
I = 	:I. :=46r. 7-  + ---V-.' 	• . Z • . e 5= — G.' 7. 	0 X 	2. 2. 	6 

The term -#. Ci.Zi..e. must be zero to maintain charge 

neutrality throughout the crystal. 

A 'true' transference number may now be defined as: 

6.1 
= 

It can be seen that a knowledge of is required for the 

determination of the partial conductivities, Cr7f's, 

although the total conductimity is independent of this 

quantity. Experimentally the partial current densities 

IX Ie) of a metal compound MX, may be measured in a 

reference frame for which IN = 0 (i.e. the cations are 

assumed immobile), then 

,671 
V = 	) 

c,zPi 
,e x 



and the apparent anionic conductivity 6.-X (a.1) is given 

by: 

z 
6(X a.1) = X - rT 	 

and tX(a.l) 

Clearly if 6X>>Crn, then tX(a.1 ) . X (true). 

Fortunately, ih the electrolytes used in the present 

investigation the mobility of the anion's is many orders of 

magnitude greater than that of the cations, and accordingly 

the transference numbers used in the expression for the 

diffusion potential can be identified with the transference 

numbers determined experimentally by conductivity 

measurements. 
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APPENDIX IV 

Preparation of Thoria Solid Solutions.  

In addition to the straight forward evaporation of 

the mixed nitrate solutions described in Chapter two, 

experiments involving co-precipitation of hydroxide and 

oxalates were also carried out. 

For the hydroxide method a reverse precipitation 

technique was tried in which the hot nitrate solution was 

added to an excess ouantity of ammonia solution (/--/50°C)). 

After Cooling to 20
o
C, the solution was filtered, and the 

precipitate dried prior to the heat t- eatrqel-s q 	Although 

this technique appeared satisfactory for lAnalar' grade 

materials, with 'Spec-pure' chemicals, approximately 3-5 

wt. % of the oxide material was always present in the 

filtrate, even though the procedure was varied in an 

attempt to overcome this problem. 	As the sintered 

pellets (2000°C) prepared from hydroxide precipitated 

material were less dense that those prepared from 'nitrate 

powder', and contained large closed pores, no further 

development of the hydroxide method was attempted. 

The oxalate method was more successful. 	A solution 
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of oxalic acid or ammonium oxalate was added to the mixed 

nitrate solution, and experiments were conducted to 

determine the optimum conditions of pH and temperature. 

In the prodedure eventually adopted only about 1 wt. % 

of the oxide material was present in the filtrate. 

However, it was found difficult to avoid segragation of 

the thorium and yttrium oxalates during filtration of the 

solution, and unless the material was carefully ground and 

mixed during the preliminary heat treatments, then the 

sintered pellets prepared from this material consisted of 

two phases, even after firing at 2000°C for 3 hours. 

Although the density of the sintered pellets prepared 

from oxalate precipitated material was comparable to that 

obtained for pellets fabricated from powder produced by 

the straightforward evaporation of the mixed nitrate 

solutions, it was considered that the oxalate technique 

was in no way superior to the nitrate method which as 

to become the standard procedure in the present investigation. 



xix 

APPENDIX V 

Analyses of Spec-.ire Chamicals  

The followinC sr,ectroraT)hic ana ;ses were supplied 

by Johnson Natthey and Co., Ltd., 

Thorium Nitrate  

Silicon 	5 ppm 

Ilagnesium 
	<1 ppm 

Other elements were either not present or below the limits 

of detection. 

Yttrium Oxide  

Si 

Al 

Fe 

Ca 

Cu 

rare earths  

10 ppm 

3 ppm 

3 ppm 

3 ppm 

ppm 

<1 ppm 

0.002% 

< 0.01% 

Yb203 

Gd203 

 



XX 

Tb4O7 	< 0.01% 

Dy203 	<0.005% 

Nd203 	
<0.O03% 

Other elements were either not present or below the limits 

of detection. 

Lanthanum Oxide  

Ca 	 5 ppm 

Si 	4 ppm 

Pb 

	

	 3 PPm 

rare earths  

Pr6011 
	0.004% 

Other elements were either not present or below the limits 

of detection. 

Calcium Carbonate  

Mg 	10 ppm 

Sr 	4 ppm 

Ba 	1 ppm 

Si 	1 ppm 

Na 	1 ppm 

Other elements were either not present or below the limits 

of detection. 
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APPENDIX VI  

TYPICAL EMF MEASUREMENTS 

A. 	Fe IFeOhh02.Y02.. 5  (90.10 mole %) it Ni0 

iz" 

Experiment: 

Apparatus: 

Atmosphere:  

TIME TEMP(°C) EMF(mV) 
27.11.62. 

10.30 890 273.6(P) 

10.45 893 274.6(P) 

10.55 893.5 274.8(P) 

11.10 893 274,9(P) 

11.30 894 274.8(P) 

11.35 892 (250)24.5(E) 

12.45 1000 286.5(P) 

13.55 1002 286.7(P) 

14.15 1002, 286.6(P) 

15.00 1083 295.0(P) 

15.15 1090 295.5(P) 

15.30 M092 295.6(P) 

15.40 1093 295.6(P) 

15.55 1092 295.7(P) 

Run 72 

Separate Electrode Compartments 
cathode earthed. 
Vacuum. 

TIME TEMP(°C) EMF(mV)  

16.20 1038 

16.45 1033 

17.05 1035 

17.30 1036 

18.30 895 

18.40 896 

18.55 897  

28.11.62. 

9.40 710 	(250)6.2(E) 

])A.A passed for 5 mins. 

9.50 711 (250)7.4(E) 

10.05 710 (250)6.9(E) 

10.15 710 (250)6.8(E) 

I/4A passed for 5 mins. 

10.25 711 	(250)5.7(E) 

290.5(P) 

290.1(P) 

290.0(P) 

290.1(P) 

286.1(P) 

285.9(P) 

286.0 



TIME 	TENP(°C) ElIF(mV) TTHE 	TEITP(°C) ETZIF(mV) 

10.50 	710 (250)6.1!-(E) 16.05 	952 281.9(P) 

12.00 	794 (250)15.7(E) 16.20 	954 282.0(P) 

12.10 	793 265.5(P) 16.30 	953 282.0(P) 

12.30 	795 265.6(P) 17.10 	998 285.6(P) 

13.40 	844 270.2(P) 17.30 	1001 285.7(P) 

14.05 	845 270.3(P) 17.50 	1000 285.6(P) 

14.40 	890 2.75.0(F) 18.45 	898 275.5(F) 

14.55 	892 275.5(P) 19,05 	901 275.7(P) 

15.20 	893 275.6(P) 29.11.62. 

10.20 	7560ff  (250)11.1(E) 

P - Potentiometer E - Electrometer 



X 

X 

B. Ni, Ni0r02.Y01.5(80.20 mole %)/Cu, Cu20 

Experiment: 	Run 29 

Apparatus: 	Electrodes in same compartment 

Cathode earthed, 

Atmosphere: 	Single stream of purified 

argon (50 mls/min) 

TIME TEMP(°C) EMF(mV) TIME TEMP(°C) EMF(mV) 

10.5.60 11.5.60 

11.50 788 273.6(P) 9.45 544 (270)20.8(E) 

12.25 792 273.8(P) 11.20 840 269.8(P) 

13.50 793 273.9(P) 11.45 845 270.4(P) 

Argon flow-rate increased to 12.05 846 270.2(P) 
75m1s/min 

14.05 791 273.2(P) 12.30 .947 263.3(P) 

14.15 790 273.0(P) 13.40 949 263.3(P) 

14.35 791 273.2(P) 14.30 885 266.3(P) 
Argon flow-rate decreased to 

25 mlI/min 14.45 887 266.4(P) 

14.50 792 273.8(P) 14.55 888 266.3(P) 

15.10 794 273.6(P) 15.40 845 269.2(P) 
Argon flow fate adjusted 	to 

50 mls/min 15.50 843 269.3(P) 

15.45 793 273.6(P) 16.05 844 269.4(P) 



yt.A. (-,3 mins) 

10.50 537 

11.10 537 

12.05 538 

14.05 536 

TINE TEEP(°C) 

xxiv 

E1` 	(mfr) 

17.00 703 278.9(P) 

17.45 700 279.2(P) 

17.50 701 (270)9.5(E) 

18.00 698 279.3 

18.30 699 279.4 

12.5.60 

10.40 538 (270)21.2(E) 

(270)>30(E) 

(270)25.3(E) 

(270)22.6(E) 

(270)22.3(E) 

1A (,-3 mins) 

14.25 537 	(270)<O(E) 

15.10 538 	(270)9.4(E) 

15.40 536 	(270)15.7(E) 

16.15 538 (270)18.9(E) 

17.05 537 (270)20.7(E) 

18.10 417 	(270)26.0(E) 

16.30 412 	(270)26.8(E) 

19.05 410 	(270)27.5(E)  

TINE T2MP(°C) ENF(mV)  

	

19.40 409 	(27027.8 

13.5.60. 

	

10.10 406 	(270)29.2(E) 

	

10.30 407 	(270)29.4(E) 

	

11.;5 538 	(270)25.8(E) 

	

12.30 542 	(270)22.7(E) 

	

13.50 543 	(270)22.1(E) 

	

14.15 542 	(270)22.0(E) 

	

15.05 543 	(270)21.9CE)  

	

16.25 698 	280.7(P) 

	

16.45 700 	280.5(P) 

	

17.00 701 	280.5(P)  

	

17.50 842 	270.9(P) 

	

18.15 844 	270.6(P) 

	

18.35 845 	270.5(P)  

	

19.10 941 	264.2(P) 

	

19.35 944 	265.8(P) 

	

19.45 945 	263.8(P)  

14.5.60. 

10.20 443 
	

(270)27.3(E) 

12.05 444off  (270)27,6(E) 

7:‘ 



xxv 

C. 	1blEbOh02.Y01.5(99.1 mole %)/Fe,Fe0 

Experiment: 

Apparatus: 

Atmosphere: 

TIME TEMP(°C) EMF(mV) 

3.6.63. 

12.00 945 631(P) 

12.30 949 634.8(P) 

13.50 951 635.5(P) 

14.25 950 636.2(P) 

15.00 948 636.5(P) 

5/4A passed for 5 mins 

15.10 950 648.6(P) 

15.35 949 638.7(P) 

15.45 950 638.5(P) 

16.10 950 638.2(P) 

16.30 949 638.4(P) 

5/,A passed for 5 mins 

Run 105 

Separate Electrode Compartments 

Cathode earthed. 

Vacuum 

TINE MAP(°O) EMF(mV) 

16.40 950 586(P) 

17.00 948 625(P) 

17.30 949 632.3(P) 

18.00 948 634.7(P) 

18.35 950 635.8(P) 

19,05 950 636.2(P) 

19.40 951 636.2(1=') 

4.6.63. 

9.20 762 (600)65.5(E) 

9.45 764 (600)65.0(E) 

11.20 843 (600)55.5(E) 

11.45 845 (600)55.0(E) 

12.00 847 655.5(?) 

12.30  846 655.0(P) 



TINE TENP(°C) 

xxvi 

EMF(mV) 

13.55 943 640.5(P) 

14.20 946 639.8(P) 

14.45 945 639.5(P) 

15.20 946 640.0(p) 

16.15 1043 623.5(P) 

16.40 1048 625.1(P) 

17.05 1050 5.22.5(P) 

17.25 1051 521.8(P) 

17.45 1050 622.5(P) 

18.30 1005 626.5(2) 

19.05 998 627.8(P) 

19.25 997 628.2(P) 

19.45 999 628.4(P) 

20.10  997 628.2(P) 

5.6.63. 

10.10 788 (600)62.0(E) 

10.30 789 (600)62.5(E) 

10.55 895 648.0(P) 

11.25 902 64618(P) 

11.45 901 646.5(F) 

TIME TENP(°C) ENF(mV) 

12.15 903 645.5(P) 

12.40 902 645.8(F) 

14.10 995 631.5(F) 

14.35 997 630.1(P) 

15.05 998 650.0(P) 

!:node earthed 

15.15 	999 628.7(P) 

Plestored origihal connections 
i.e. (cathode ce=rhhed) 
15.30 998 629.5 

16.25 1044 625.0(P) 

17.05 1048 622.2(P) 

17.30 1047 621.8(P) 

18.10 1048 622.5(P) 

19.05 953 634.5(') 

19.30 951 635.5(P) 

19.55 952 635.8(?) 

9.45 755 (600)66.0(E) 

10.15 756off  (600)65.0(E) 
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D. 	Nb,n0h02 .Y010 _(90.10 mole %)/Fell7e0 

Experiment: 	Sun 76 

Apparatus: 	Separate Electrode compartments 

Cathode earthed. 

Atmosphere: 
	Vacuum 

TIME 	TENP(°C) 1:1.1F(mV) 91E1%T °c) EEF(mV) 

18.12.62. 

10.20 	885 

12.05 	892 

12.30 	895 

13.35 	897 

14.05 	896 

615.0(P) 

624.3(P) 

625.2(?) 

625.5(P) 

625.0(P) 

5/4  A 
 passed for 5 mins 

	

18.50 	897 	587(P) 

	

19.00 	898 	612(P) 

	

20.15 	897 	616(P) 

	

21.05 	898 	617(P) 

5/14_1- passed for 5 -ins 22.10 	898 617.5(P) 

14.10 	895 	705(]-) 23.00 	897  616.5(P) 

14.20 	896 650(P) 19.1?.62,„ 

14.30 	897 645(P) 9.5 (600)L5(E) 

14.50 	895 640(P) 11.10 	74P (600)45.5(2) 

15.10 	895 636(P) 12.15 	887 634.2(P) 

15.30 	896 632(P) 12.40 	892 633.0(P) 

16.00 	895 628(P) 13.55 	893 633.5(2) 

16.35 	895 6260(P) 15.10 	1035 618.3(2) 

17.05 	896 624.0(P) 15.30 	1038 615.4(P) 

17.25 	897 623.0(P) 16.05 	1039 611.6 

18.30 	896 623.5(P) 17.00 	1040 607.5(P) 



rviii 

TINE TENP(°C) EMF(mV) 

18.00 903 612.4(P) 

19.15 895 615.3(P) 

19.45 894 616.3(P) 

20.05 895 615.5(P) 

Passed 19/4A for 30 mins 

in an attempt to reduce 

anode surface. 

Left overnight to ecuilibriate  

TIME TEMP(°C) EMF(mV) 

20.12.62., 

11.10 806 (600)31.5(E) 

12.15 888 622(P)* 

12.45 897 621.6(P) 

13.40 899 621.0(P) 

14.25 985 620.3(P) 

14.45 991 618.5(P) 

15.00 992 617.4(P) 

15.25 993 612.R(P) 

16.05 992off  610.0(P) 
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