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SUMMARY

The relevqnt developments in: science,engineering,and technology; and
their confluence at different times resulting in the concept,feasibility,
and the emergence of the solid electrolyte oxygen sensor ,are traced from
the last century to the present time -when a number of commercial devices
are marketed.General rules are set out for the choice of an electrolytic
system for a solid electrolyte oxygen sensor.

The major markets and applications for which the sensor is suitable
for are described and in particular the combustion efficiency market.The
available commercial instruments are reviewed,and a number of desirabie
sensor features are identified.

The theory of the oxygen solid electrolyte concentration cell is
'outlined sand the major error contributing parameters reviewed.

The design,development,optimisation,and fabrication of a miniature,
rugged,a~curate,versatile,and easy to manufacture sensor are detailed.The
electrical conductivity of samples of solid electrolytes is examined by an
especiallydeveloped A.C.measurement technique,and the influence of structu-
ral defects on the electricel conductivity is assessed as a potential means
of solid electrolyte material quality control.

y The sensor's characteristics are evaluated in detail and errors due to
sample gas composition are measured for a number of commonly encountered
gases.The degrading effect of certain gases and reducing atmospheres on the
sensor's electrodes is also investigated. |

The versatility of the design is demonstrated by using the sensor in
different configurations: with a sealed in reference, as an oxygen pump ,
and in a feedback mode.

Examples of industrial commercial use of the sensor as: a flue gas
oxygen analyser, and a wide-range instrument are described,showing its

suitability for such applications.

This is a summary of a thesis submitted by
RIAD MOUHAMED ADEL KOCACHE

For the degree of DOCTOR OF PHILOSOPHY
September,1980.
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During the reign of Caliph Haroon AQ-Rashid, it was customary for
talented people - poets, singers, artisans, scholars, etc. - from all
corners of the empire to attend his court in Baghdad, in the hope of
gaining an audience during which their talents could be shown to the
cultured and wise Caliph and, hopefully, generously rewarded.

It is told that one day a man appeared at the court and requested an
audience. He was told to wait for his turn and was led eventually to the
audience hall where the Caliph sat surrounded by state dignitaries,
advisors, and court favourites. The man saluted and was granted
permission to proceed. He produced a number of sewing needles and a
small cushion which he placed on the floor and then, from a distance of a
few yards, started to throw the needles in the direction of the cushion.
The first needle went into the cushion, the second went into the eye of
the first, the third into the eye of the second, and so on. When he

"had used all the needles he turned and bowed to the Caliph and stood
awaiting his pleasure. The court was definitely impressed with such a
skilful performance and anticipated a generous reward for such a unique
skill.

The Caliph paused for a while, then called for both his treasurer
and his executioner. The court went silent, awaiting the unexpected
outcome of the Caliph's deliberation. The Caliph ordered his treasurer
to award the man a hundred golden dinars and addressed the man saying:-
"This is for your unusal skill". The man was overjoyed and started
to praise and thank the Caliph for his generosity. "Wait a minutei"
said the Caliph and he turned round and ordered his executioner to give
the man a hundred lashes. The order was executed and the man took his
punishment in silence. He and the court were puzzled by the sentence.
When the last blow was struck, the man stood unsteadily facing the
Caliph, who addressed him saying, "These are for spending your time and

talent on a skill which is of no benefit to anyone".
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1. PREFACE

The success of an industrial product can be assessed by many

criteria; each criterion however is formulated from a specific area of

interest and reflects strongly its own point of view. One can enumerate

many possible
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criteria reflecting different areas of interests:

The manufacturing of the product should utilize the most
efficient methods and techniques resulting in the lowest
possible cost consistmnt with the required quality.

The product should have a long reliable life, requiring
a minimum of maintenance and having a 'low cost of
ownership' jand meet; its stated specification.

The product should have a 'performance/price relation-
ship enabling it to secure a large share of the market.
The product should have the ability to be adapted
easily for use in new markets and in new environments.
The product should consume a minimum of energy during
manufacturing and during use, it should make efficient
use of raw materials and use components that can be
Te~-cycled.

The product should return a good profit on investment.

It is clear from the above, that a successful product needs to

satisfy a variety of criteria emanating from different areas of interest.

This usually leads to some conflicting requirements and a compromise

may be necessary. The choice of the criteria and the importance

associated with each of them, is a matter of company policy. To be

able to design, develop and produce a product that goes a long way to

satisfying a number of criteria; the project must move, from the

outset, within a reference framework outlined by these desired features.



The formulation and outlining of this framework and the detailing of
the product specification is one of the most important tasks in ensuring
the emergence of a successful new product and, in many instances, the
main cause of product failure. Some of the major causes of bad
formulation of such a framework afe: inadequate market research, use of
opinion rather than factual data, not enough careful consideration, very
little updating of data and fragmentation of project control leading to
the distortion of the framework.

In many modern industrial organisations the specifications for a
new product and the general framework are usually determined by the
marketing department. The project usually prooceeds gerialily, foom
one department to another; viz. - research and development, engineering,
production, sales etC......~. At any given instant during the product's
progress the overall project control is effectively in the hands of the
department which happens to be working on the project at that time -
- As there is a natural tendency within each department to view the project
from their own specialized points of view- this results in ﬁarping the
framework and slowing down the project,t hen a correction is needed
later on to counter-act that effect. 1In order to minimize this, the
organisation can be set up so that a unit (product'management) takes
over the overall control and co-ordination of a given product. This
ensures that all the aspects of the product development are kept in
perspective. This unit ensures that the framework and specification are
up-to-date, it monitors the project’s progress through the different
departments and requests corrections when necessary.

Having outlined the framework and stated the specification of a
new product, and set up an administrative mechanism for its monitoring
and control, it is necéssary that the individual departments are capable
of appreciating the framework, able to work within its boundaries and

are willing to respond to requests for corrective actions.



The shaping of an R & D department so th;t it does not become an
isolated ivory tower, and can work as part of am organisation similar
to the one just described is not an easy task. The need for specialisat-
ion leads many workers to limit their outlook to confined and very
narrow boundaries, and they are quite happy to be blissfully unaware
of anything outside their limited areas of interest. To be able to
contribute effectively and efficiently,an industrial R & D unit cannot
afford to isolate itself. In addition to its specific functions and
areas of spec#®lisation, requiring experts and a specialists approach,
it should also have a comprehensive outlook capable to appreciating
fully the frameworks within which the various products ar2 specified
and enabling it to work within them without distorting them. Its
interest in the product should extend from its original inception to
its performance in both the field and market-place. This need is even
more so in the domain of industrial measurements where, due to the size
and variety of modern industry, the measurement of the same parameter
is required under widely varying conditions and under an even tougher
competition. Many products start life with certain applications and have
to evolve later to cope with an ever widening range of applications in
conjunction with the need to be re-designed to include technological
production improvements enabling it to stay competitive. The serious
worker in this field has to extend the boundaries of his awareness to
cover every area relevant to the product, and should develop the skill
to be able to move from the analytical specific mode required to solve
a given problem to the holistic overall view required to keep things in
perspective.

Given the task of designing a product to a given specification
and within a certain framework, there exist many possibilities. Only
a few however will contain a balanced mixture that produces a design

which is simple, functional, aesthetically pleasing, easy to
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manufacture, cheap to produce, and of excellent quality. To steer a
design to such regions one has to act as a point of confluence whereby
the science, the technology and engineering, the art and craft, and
the economy blend together and form a harmonious entity. Such
products are very rare and far between, but not yet extinct. It is the
drive for excellence that fuels such enterprises. Whenever we are
lucky to use a device that one might call excellent, we realize that the
effort expended in the quest for excellence is always worthwhile.

This thesis is submitted as an example of industrial applied
research in the field of instrument science where, as far as possible,
the points discussed above were prominent in the motivation and direction

of the work.



CHAPTER TWO

THE EVOLUTION OF SOLID ELECTROLYTE OXYGEN SENSORS
(1)

2.1 THE MEASUREMENT OF OXYGEN

Oxygen is the most abundant element on earth, it accounts for
about 23% of the weight of the air and almost half of the weight of
the earth's crust. Its strong chemical activity and its role in
supporting human life makes its monitoring and measurement highly
desirable. As world industry and technology develop and grow, the
need to monitor oxygen to a higher degree of accuracy and to lower
levels, and in environments which are increasingly hostile poses
extremely difficult problems for the measurement scientist. Advances
Iin science and technology have helped him towards solving some of
these problems and workers in this field were quick to develop a wide
range of instruments based on the physical and the chemical properties of

oXygen. Applications requiring the measurement of oxygen cover:-

Medical(z) - pulmonary, anaesthesia, deep sea diving...
Research and - combustion, metabolism, gas purity, physiology...
Laboratory(3)

Industrial(q)- process monitoring, flue gas, alarmS..ses.

Early methods and techniques were mostly chemical (volumetric

,(5)

analysis - Orsat, Haldane, Lloyd Haldane, Bone and Wheeler, and
Scholander. Inferential thermal conductivity and catalytic combustion
methods were also used., The ability of oxygen to absorp low-energy
beta radiation forms the basis of the electron capture type of detector.
A number of developments utilized the strong, paramagnetic susceptibility
of oxygen, relative to other gases, and several types of instruments
ensued: Thermo-Magnetic, Quincke and Magneto-Dynamic. Electro-

chemical methods: polarography, cailometry and galvanic; form the

basis of a variety of instruments. One of the latest additions to

this class of instruments is the solid electrolyte type.



The choice of the type of instrument for a given application
depends on factors such as: sample composition, sample condition,
environmental conditions, degree of accuracy required, and economy . A
thorough understanding of the basic principles upon which the measurement
is based and the ability to estimate the errors of the measurement,
help in selecting the most suitable type of instrument for a specific
application. It should be moted that no one method or technique is
suitable for all the measurement conditions one encounters in practice.

2.2 EARLY WORK DEMONSTRATING THE FEASIBILITY OF USING SOLID ELECTROLYTE

CONCENTRATION CELLS AS OXYGEN SENSORS

At the turn of the century Nernst was working on alternative and
more efficient means of producing visible light than the carbon filament
lamp(s). He chose ionic conductors as means of getting both selective
radiation and electric conduction. In 1899(7)he reported the electrolytic
conduction of solid solutions at very high temperatures. He investigated
oxides such as: 5102, ZrOZ, Mg0 and others. 5 by pressing them
into rods, using platinum end connections and observing their
conductivity at different temperatures by heating them in an air furnace.
He observed: the conductivity of pure oxides increases slowly with
temperature and remains relatively low; mixed oxides (e.g. Y203-Zr02)
show, at high temperatures, a conductivity much greater than the best
wet electrolytes; 02 evolution at the anode when rods were heated with
D.C. Thes observations, although not conclusive, led Nernst to
suggest that a nearly pure electrolytic (oxygen ion) conduction was
taking place in the solid electrolyte rods.

Electrolytic conduction of molten salts was first reported by
Faraday. A number of workers investigated the conductivity of mixed
salts. Van't Hoff(s) collected their results and put a case for the
phenomena of solid solutions - isomorphic, mixed ecrystals, and solid

amorphous. He discussed diffusion and ionic flow in solid solutions



and their inter-relationship, and osmotic pressure which gives rise to

(9)

diffusion. Fritsch measured for a 1large number of salts, at
temperatures between 10 and 180°C, the difference in the electrolytic
conductivity between pure and mixed salts. He found that in most cases
a small amount of impurity led to a large increase in conductivity.

(10)

Nernst was the first to give a theory for electrolytic thermo-cells;
using the theories of osmotic pressure and ionic migration, he

developed an equation for the e.m.f. between the boundary of two solutions

of the same substance; but of different concentration:

E - Uu-v RT 1n E . . . . (1)
i U+V C,

where: U is the migration velocity of the +ve ions; V is the migration
velocity of the -ve ions: C1 and C2 are the concentrations at either
side of the boundary; T is the absolute temperature of the system in
degrees K; R is the gas constant.

(11)

Duane in a number of experiments verified the validity of the

(12)

Nernst equation for wet electrolytes. Reynolds extended the

study of the conductivity of mixed oxides. Haber and St Tolloczko(13)
reported the first quantitative study of the electrolysis of solid
electrolytes such as BaCland confirmed the validity of Faraday's
law. They constructed also Daniell cells using solid electrolytes
- PbClzlAgCI - that worked in the range 145—25000, and measured e.m.f.
values in agreement with theory.

Many workers attempted; but failed to generate an e.m.f. from the

reaction of C/CO with 0 (14)

2" Haber and Moser achieved this by
constructing a cell Fig.l that used a solid electrolyte (heated
Thuringen glass) and porous platinum electrodes on either side of the
electrolyte disc. The e.m.fs measured - for concentration changes
of gases such as CO,O2 and H2/H20 on one electrode whilst the other

was kept on either air or 02 - were in good agreement with their
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calculations. This work demonstrated for the first time the feasibility
of using a concentration cell with a solid electrolyte as means of
oxygen measurement. The authors state in the introduction: "The

idea of constructing a gas fuel cell which would operate at about

500°C or lower using platinum electrodes, in which bringing together CO
and 02 results in their combining under the catalytic action of the

platinum was considered and its extensive use for gas analysis purposes
(15,16)

was envisaged". Haber designed, with Fleischman another cell

Fig.2 with which they measured e.m.fs for oxygen and hydrogen
concentration cells; and oxy-hydrogen cells with platinum or gold
electrodes. The electrolyte was disc shaped made of glass (for
QGO—SSOCOJ or glazed porcelain (for 800-110000). Their results were

in good agreement with their theoretical calculations. Further work(17)
on H2 and 02 concentration cells and on oxy-hydrogen cells showed the

(18)

e.m.f to be independent of the electrode material. Haber used

also iron as electrode material and caustic potash and molten soda as
electrolyte. He concluded that platinum on glass or porcelain makes
(19)

a good oxygen electrode at high temperatures. Katayama constructed
solid electrolyte: amalgam concentration cells; metal-halogen cells;
and Danieilcells.,

So by 1910 solid electrolytes were shown to obey Farad}'s law and
Nernst's equation. Concentration cells - gas, amalgam: .- and fuel
cells were also constructed using solid electrolytes. The use of
concentration cells for gas analysis was proposed. The transport of
oxygen (pumping) from one electrode to another through the mixed oxide
(Y203-Zr02) was observed and Nernst suggested that the conduction was
purely ionic (oxygen ion). Though the principle of the measurement,
the basic cell design, and some suitable solid electrolytes were known;
it took a further half a century to establish the solid electrolyte

oxygen sensor as a practical oxXygen measurement method. It is also

ST



worth noting that nearly all of todays solid electrolyte OXygen Sensors
are merely well engineered modifications of the basic design features

set out in these early cells.

(20)

Zirconium oxide » other than its use in the Nernst "glow bar"
was of great interest as a potential refractory material. It has a
high melting point (2950120K) a high softening temperature, low porosity
and an excellent chemicai reéistance. Ruff with a number of associates
studied this material for over thirty years. They studied the effect
the methods and techniques of manufacture(21’22)(powder preparation,
impurities, binding agents, firing temperature) have on the: rigidity,
shrinkage rate, and porosity; of the product. They observed a large
shrinkage (18-20%) around 900°C. They measured also the melting

point of pure zirconia and the effect of additions such as: Si0,, BeO,

2
Mg0, A1203, ThOz, and YZOB; have on it. They determined the
conditions and processes needed to transfer 2r02 into a plastic state(23)
and developed various ways of '"slip" preparation, which included acid

or alkaline 'activation'. Of particular interest was their discovery
that wares made out of pure ZrD2 tended to crack, whilst those made

with certain additives such as: Mg0, Y203, ThOZ; were more stable.

They suspected the existence of a second ZrO2 form and proposed that

the transfer from one form to another caused the cracking. Other

(24,25,26) had also observed the exist®nce of several forms of

workers
Zr02 at different temperatures, by using X-ray crystallography. They
reported a monoclinic form at medium and low temperatures which
transforms into a fluorite type above, IOOOOC, a metastable form was
also observed. Crystal forms and the effect of additives were

investigated - using x-rays - by Ruff and Ebert(ZY)

and they
established the presence of a reversible transformation (about 100000)

from monoclinic to tetragonal, and determined the lattice parametersS.
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They also discovered that by limited additions of foreign oxides,

such as: Mg0, Ca0, Sc203, Y203 and CeOZ; a cubic lattice of the
fluorite type exists, which can stay in the solid phase up to around
170000, remaining thus volumetrically stable as it does not suffer any
transformation. The systems studied were: (ZrOz-MgOJ, (ZrOZ-CaO)(ZS),
(ZrOZ-ThOZ)(Zg), (ZrOZ-BeO)(30’31), and other combinations (32’33).

Cohn and Tollksdorf(sq)

» using x-rays, measured the parameters of the
ZrO2 monoclinic form (up to 1000°C) and observed the tetragonal form
at low and high temperatures. The phase diagram of the system

(ZrOz-MgO) was constructed by Ebert and Cohn(ssy. Clarck and

(36)

Reynolds studied the thermal behaviour of Zirconylchloride and
Zirconylhydroxide and found a tetragonal form below 600°C.

The Nernst filament (857% ZrO2 - 15% YZOB) was well established,
by then, as a spectral source; but it was difficult to manufacture.

(37,38)

Tingwaldt discusses solutions to some of these problems and

describes the use of an element in a ZOOOOC furnace. Ketelaar and

(39) investigated the system (SrFZ—LaFB) and found , using x-rays,

Willems
solid solutions with a fluorite structure. They demonstrated that
this takes place by filling lattice vacancies. X-ray investigations
into the systems: (TiOz-MgO), (ZrOZ-MgO) and (ZrOQIiDZ); were conducted

by Bussem et al(ao). Ryschkewitsch(ql)

reviewed the pure oxide ceramic
products and described present-day applications. The phase diagrams
of an oxide series with Ce02 were investigated by Von Wartenberg and
Eckhardt(QZ).

The most relevant parts of all this work were: the discovery of
the different crystal forms of pure Zirconia and its transformation
from a monoclinic to a tetragonal form around IDSGDC; The possibility
of stabilizing the crystal lattice into a cubic form by suitable
additions forming a solid solution; and the large number of possible -

mixed oxides - solid solutions that could be formed.

=20k, -



2.4 PRE-WAR DEVELOPMENTS IN THE THEORY OF CONDUCTION IN SOLID ELECTROLYTES.

It is appropriate at this point to trace the developments of the

(43)

theory of conduction in solid electrolytes. Thiele investigated
thermo-electric currents in electrolytes and measured them in solid

’ 4 (44)
electrolytes, for reversible and for non-reversible cells. Joeffe 3
for many years, investigated the phenomena of conductivity in crystals
and the factors affecting it: method of preparation, purity, temperature
and radiation. He experimented also on the electrolysis of crystals.
He proposed the concept that only dissociative ions contribute to the

conduction of the crystals., Frenkel(ﬁs)

formalised this concept
Iquantitatively using temperature dependent probabilities which refer
to the dissociation of atoms; their displacement into the inter-
lattice space and their recombination with wvacancies. He calculated
from this the electrical conductivity of binary salts as a function

(46) interpreted the thermo-electric force

of temperature. Reinhold
as a complex quantity - a homogenous and a hetrogenous thermo-electric
effect - he calculated these for a solid electrolyte with metallic and
gas electrodes and confirmed their existence experimentally. Nagner(ﬁ7)
derived a formula, for a solid solution electrolyte, that relates the
diffusion coefficient to conductivity and transport numbers. Wagner
and Schottky(qa) formulated a theory (ordered mixed phases) for binary
systems and proposed the following possible lattice defects: occupation
of interstities, vacancies in the sub-lattice of one component, and
substitution. Using statistical thernq“gynamics they calculated the
number of imperfections as well as the chemical potential and

activities, as a function of composition. In 1933 Nagner(qg) calculated
the e.m.f. of a galvanic cell with a mixed conduction solid electrolyte

and gave the following expression for the e.m.f. of an oxygen

concentration cell:



o
E x_ = ——I—Stion d/‘02 w gy n. - C02D
Where: tion is the sum of the ionic transference numberes of the
electrolyteij(oz is the chemical potential of oxygen aF the reversible
electrodes; and F is the Faraday constant. :
Schottky(snbdiscussed the conversion of chemical to electrical

energy with the aid of heated solid electrolytes (proposed initially

(49,51) (52)

by Haber) in light of the Wagner theory Reinhold related

measurements of the e.m.f. of a solid electrolyte cell to the formation

(53)

constant of the solid. Wagner developed the theoretical require-

ments from which the formation constant for silversulphide can be deduced

(54,55,56) discussed the mechanism

from the e.m.f. of a cell. Jost
of diffusion and electrolytic conduction in solids (based on Frenkel's
treatment) and attempted to identify the constants appearing in the
empirical formulae. He considered the influence of polarisation and
by accounting for it, obtained better agreement with reported

3% refined these calculations by

experimental results. Schottky
dropping the assumption of equal number of holes, of each kind of ion,
to the number of inter-lattice ions of the same kind, and considered

(58)

also non-stoichiometric conditions. Jost refined his earlier

calculations and allowed for the displacement of ions surrounding an

(59) conducted systematic

imperfect ion site. Koch and Wagner
measurements on the ionic conduction of solid salts (AgCl+CdC12) and
discovered that the conductivity of solid silver chloride is raised
considerably by adding cadmiumchloride. Now Zintl and co-

(60,61,62) have shown, using x-rays, for a number of solid

workers
solutions.that the introduction of some salt into a lattice results
in oxygen-ion vacancies in the sub-lattice (Ce02+La203). Oxide

phases with a defect oxygen lattice have also been reported by

% P18 =



(65)

Sillen et al - Rogner who used D.C. to measure the

(63,64).
resistance of ceramic substances (A1203, BeO, z:oz, ThO2 ) between
400—110000, was aware of the effects of small amounts of impurity on
the conductivity. All these developments allowed Wagner(66) in 1943
to explain the electrical conductivity of the Nernst "glow bar" as a
predominant oxygen ion conduction resulting from a large concentration

of mobile oxygen vacancies in the lattice.

2.5 SUMMARY OF THE RELEVANT DEVELOPMENTS UP TO THE EARLY FORTIES.

Over thirty years had passed since the feasibility of the solid
electrolyte: fuel cell, concentration cell and pump were demonstrated;
but the tremendous amount of work done in the field of material science
and the theory of ionic conduction in solid electrolytes was necessary
before the situation was ripe for further progress. These developments
can be briefly summarised as:

a) The validity of the Faraday and the Nernst laws were
demonstrated for a large number of solid electrolytes.

b) The feasibili£y of using solid electrolytes for: fuel
and concentration cells; and as ionic pumps was demonstrated.

c) Phase studies of solid electrolytes (z:oz in particular) in
binary and higher order mixtures were conducted and their
crystal structures studied.

d) The influence of selected impurities on the crystal structure
stability and on the conductivity of solid electrolytes was
under intensive study. (In particular zircenia based solid
solutions having a predominent oxygen ion comduction).

e) A theory of conduction for solid solutions was being established
and its validity was beginning to be well supported by
measurements.

The work of Bauer on fuel cells and in particular on carbon fuel
cells working at high temperature (1000°C) using solid electrolytes

i QRS



such as (85% ZrO2 + 15% Y203), should be mentioned here (67,68) as an

"

example of a practical application.

2.6. POST-WAR DEVELOPMENTS LEADING TO THE EMERGENCE OF THE MODERN

SOLID ELECTROLYTE OXYGEN SENSOR
(69)

Geller et al studied the effect of some oxide additions on the
thermal length changes of zirconia. They showed that irregular thermal
length changes accompanying phase transformations in Zirconia may be
prevented by changing the crystal te the stable cubic form; and they
determined the ranges of the additives required te achieve thig§. They
pointed out the low thermal conductivity of the material relative to
other ceramics and concluded that high resistance to thermal shock cannot

(70)

be expected of the stabiliZed product. Curtis worked on determining

the required limits to stabilize zirconia. He identified some mixes
which had good resistance to thermal shock; but im all these a small
amount of inversion was present resulting in a small and gradual thermal

(71

expansion coefficient. Croatto and Bruno constructed galvanic
cells using solid electrolytes and used them to measure the affinity,
the heat of formation and the entropy of formation at various temperatures.

They discuss in other works (72’_?3)

the electrQ_gntive forces of cells
with solid electrolytes and consider the general case of electrolytes
with mixed conduction, and the possible mechanisms of electrical

conduction in solids in relation to lattice disorders in the solid.

They classified cells containing solid electrelytes into:

GALVANIC CELLS - A/AB/B (formation type reaction)
CONCENTRATION CELLS - Acon!AB/Adil (dilution type reaction)
DANIELL CELLS - A/AB/A'B/A' (substitution type reaction)
HABER CELLS - A/AB/A'B/A'B'/AB'/A (double exchange)

They also listed the fields of interest that result from studying the

e.m.f.'s of cells containing solid electrolytes:
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a) The determination of the affinity of formation of compounds used

as electrolytes.

b) The study of thermo-electric forces connected with solid electrolytes,

c) The study of lattice disorders of solid electrolytes.
d) Chemical manometry.

e) The study of chemical reactions in the solid state.
£) The study of corrosive phenomema.

g) Fuel cells.
(74)

Hund and co-workers worked on solid solutions and lattice

disturbance using x-rays and density measurements. They investigated

(75) (76) 7%
-La203) & (ZrOz-YZOB) , (YOF)*® ’

the systems: (ThO
7
)( 8)

2
and (Zr0 . Hund was also interested in the

(80)

(ThOZ*YZO3 2

relation between lattice disorders and electrical conductivity and

concluded that the cation lattice was completely occupied and that
empty places occur in the anion section and that the oxygen ions'
movement tﬂ;ugh the lattice vacancies are the major source of
conductivity. It is worth noting that about this time work on oxide
mixtures which have electronic conductivity (semi-conductors) was

(81,82) (83)

going on Augustinik and Antselevish investigated the

electrical properties of solid solutions in (Zr0,-Mg0 and Ca0O) systems.

(84)

2

Charlesby studied the electrical properties of thin oxide films

(85) studied the electrical conductivity

(86)

of zirconium. Trombe and Foex
of the system (Zr02~CaO) at high temperature. Weininger and Zeimany
demonstrated that O was the means of conduction in the Nernst "glow

bar". Duwez and co-workers studied the phase relationships in the

(87)
05)

systems (Zr02-092 s COT0 -YZOB)(BS) and (Zr0,-Ca0 andb[go)(sg).

(90)

2 2

Trombe et al investigated the properties of Zirconia melted in

a solar furnace and observed a substantial change in the electrical
conductivity near the zone of transformation.

(91)

An interesting work by St Pierre on the PH - viscosity
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relationships in the system zirconia-water-polyvinyl alcohol-hydrochloric

acid is useful for making zirconia slips.

The (UUZ-ZrOZ) system was investigated by Lamberston and Muellercgz).

(93)

Dietzel and Tober conducted a thorough investigation on Zr0. binary

2

systems (29 oxides). An example of an investigation into a ternary

mixture (In203-Y203 and ZrUz) is the work by Schusterius and Padurow(ga)'

The (ZrOZ-TiOZ) system was investigated by Brown and Duwez(gs) and by

Coughanour et al S who also investigated the system

)(97) (98)
5 .

(Zr0 - and at high temperature by Wallaeys et al

(99)

2-Nb20

Keler and Godina studied the reactions occuring in mixtures of ZrOz

(100

and Ca0 and carbon during heating. Rabenau found perv¥skite

and fluorite phases in ternary mixtures of (Zr0.,-La0-Mg0-Ca0).

(101)

2

Wittels and Sherril showed, as a result of fast neutron bombardment

that monoclinic ZrO2 is transformed into the cubic phase. They
explain this by two mechanisms: stress acting about trapped
interstitial atoms and thermal spike effects. A brief review of the
zirconia reactioné in binary oxide systems is given by Rothcloz).

Early work on the stabilization of zirconia resulted in many
discrepancies due mainly to: errors in X-ray analysis, impurities,
methods of preparation and thermal history; this lead to later workers
repeating most of the previous work.

Weber et a1(103)

determined the characteristics of: Ca0, MgO,

and CeO2 stabalized zirconia using high temperature and room temperature
X-ray analysis; they investigated also the stability of the solid
solutions after heat treatment and confirmed the instability of
zirconia stabalized with MgO and CeO2 whilst showing that Ca0 remained
stable to room temperature. Phase relationships for (Zr0

5 : 4 :
investigated by Duwez and Loh(lo ). A dilatometric study of the

Z—Thoz) were

behaviour of ZrO2 and its solid solutions with Mg0O and Ca0 was made

by Keler and Andreev(los). They reported dissociation of zirconia
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solid solutions (10% Mg0, 10% Ca0) by cyclic heating to 1200°C and

cooling to room temperature. The iron II oxide-ZrO2 system was

(106)

investigated above 1300°¢ by Fischer & Hoffmann “Stocker and

co-workers studied: the (Zroze SnOZ) systemclo?); the preparation of

powders by anamorphous precipitation(los); the preparation of cubic
(109) ,
2 ’

some compounds formed by ZrO2 with tetravalent or trivalent metal

oxides(llo); the structure of ZrO2 based solid solutions (111)

stabilization of cubic zirconia (112); the evolution of the structure

solid solutions of Zr0 the preparation and configuration of

s the

of quadratic zirconia caused by dissolving small quantities of foreign

(113), the stability and manner of decomposition of cubic solid

(114)

oxides

solutions of zirconia Further work on the destabilization of

the cubic form of Zr{}2 was carried out by Margulis and Gul'ko(lls).

Concentration cells for the study of the activities of co=-existing

elements in molten iron III, were used by Sanbongi and Ohtani(116).

(117)

Aronson and Belle used a cell of the form

Fe, Fe0/(ZT0.+ CaO)/UO2+x pt (x: 0.01 to 0.2)
y -

2
. X : = (118)
to i1nvestigate the uranium-oxygen system. Kiukkola and Wagner

used cells of the form
A, A(0)/solid electrolyte/B,B(0)
to obtain the standard molar free energy of formation of a number

of oxides and sulphides. Peters and co-workers used solid electrolyte

cells to investigate the equilibria:(llg)

and C + CO,—>2C0.,

2
. e e B0 h
The dissociation equilibrium of C02, and the

Fe + €O, ———= Fe0 + CO

2"-..__‘
gt S LT . g .
equilibrium . Detailed work on fuel cells using solid electrolyte
was conducted by Mobius(122’123). In a number of patents (one with

Peters)(lza), he described stable electrodes for fuel cells, and

detailed several designs, based essentially on the Haber cells, for
BEOS & R



oxXygen sensors using solid electrolytes. He also proposed the use of
metal/metal oxide as an alternative reference to air. This work
heralded the re-emergence of the oxygen sensor utilizing a number of,
by now, well researched solid electrolytes. Work continued on the

(125) re-examined

properties of solid electrolyte materials. Cocco
the limits of composition of the cubic phase in the binary system
(ZrO2 - Ca0) at high temperatures. An application of using solid
electrolytes for high temperature heaters-is described by Keler and
Nikitin(IZG). An interesting study was conducted by Kingery et a1(127)
on the oxygen mobility in cubic Zr0'85 CaO.lS 01.85’ which was
determined by exchange measurements using the stable isotope 018 and

a mass spectrometer, Th