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Summary

Sensors incorporating zirconia electrolytes have been widely used for
monitoring oxygen concentration and the air-to-fuel ratio of combustion systems.
The aim of this work was to investigate the extension of this technology to other

gases and to gas mixtures.

Initial work was done on single zirconia discs with porous metal electrodes
on each face. Platinum, silver and gold electrodes were tested in controlled
atmospheres at temperatures between 300°C and 850°C. It was shown, as expected,
that in O,/N, mixtures electrode activity/conductance decreased as oxygen
concentration and temperature were reduced. In CO/CO,/N, atmospheres
reproducibility was poor. Interestingly, an increase in electrode conductance of 1-2
orders of magnitude was observed as the temperature was reduced through around
700°C which does not appear to have previously been reported. Is is thought to be
related to the corrresponding change in the thermodynamic stability of CO at this
temperature, ie 2CO == Cl + CO,.

. Zirconia pump-gauges with small enclosed volume (< 1mm?) and laser drilled
diffusion holes were constructed with the novel addition of reference electrodes.
These were operated with current-interruption circuitry and rapid subsequent data
aquisition. This enabled, for the first time, the overvoltage due to charge transfer on
the internal pumping electrode to be isolated: interesting behaviour was revealed.
The overvoltage increased as oxygen-containing gase!s \;VCIf reduced and then, in the
case of NO, decreased as the reduction reached completion. - The | gauge EMF
remained remarkably stable while NO was being reduced. Reduction of SO, was

shown to generate electronic conductivity in the yttria-stabilised zirconia.
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A potentially important result was obtained when operating a sensor in

CO/CO,/0,/N, mixtures where there was sufficient O, present to oxidise all the CO
present to CO,. With the application of zero pumping current the gauge EMF
showed a substantial, non-zero, value. It was suspected that a mixed potential
developed on the external electrode while the diffusion hole prevented its formation
on the internal electrode

Based upon the results obtained, two sensor deeigns are proposed. The first
1S a lean-burn combustion sensor eliminating the possibility of an ambiguous
response in rich- and lean-burn conditions. By reducing the activity of the extemal

pumping electrode while mamtammg a hlghly acnve internal pumping electrode the

response in nch burn condmons would be msngmficant while the response in lean-

burn condmons would be maintained.

'f‘he second design concerns multi-gas sensing; it is based upon previous
designs but the need for minimising electrochemical leakage was pinpointed by this
work. Because overvoltages on the internal electrodes were shown to reach high
values electrode activitity should be high and a gauge cell should be incorporated to
provide information about the oxygen partial pressure within the sensor. If operated
by sweeping the voltage applied it was shown that because of the slow electrode
response the sweep rate would need to be less than 0.2mV/s. Consequently, it is

proposed that an array of sensors operating at a range of fixed pump voltages would

greatly reduce the response time.

A computer-controlled apparatus was built with which to perform the
experimental work. The apparatus controlled the furnace temperature, gas mixing
apparatus and a potentiostat/galvanostat. 'I'hei latter was purpose built so that all
current and voltage ranges could beeeleehted by the computer and current interruption

performed automatically. Using software written in Turbo Pascal the apparatus was

capable of performing a wide range of tests, unattended over peniods of months.
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Nomenclature

chemical activity
area of electrode
constant for conductivity

cross section area of pore

concentration of gas X

capacitance of grain boundary
diffusion coefficient

free electron in electrolyte

potential difference between WE and RE

potential difference as a function of time

Faraday constant or farad
Gibb’s free energy

hole

enthalpy

current density
exchange current density
limiting current

leakage current
eqmllbnum constant
rate constant | |
length of diffusion pore’
thickness of electrolyte

molecular mass

number of electrons transferred

number of moles

partial pressure of gas X
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barometric pressure

normal oxygen atom in metal oxide
gas constant

reference electrode

electrode resistance

resistance of grain boundaries
resistance of electrolyte

entropy

transport number

temperature

volume

oxygen vacancy with effective double + charge
working electrode

mole fraction

distance

impedﬁnce

power function of gas diffusion rate
anodic charge transfer coefficient

cathodic charge transfer coefficient

symmetry coefficient

activity coefficient

leak conductance of diffusion pore (DA/T0)
overpotential |

diameter of diffusion pore

air to fuel (stoichiometric) ratio

chemical potential

electrode conductance

ionic conductance of electrolyte

n type electronic conductance

p type electronic conductance
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Chapter 1

Introduction

"We must make the rescue of the environment the

central organizing principle for civilization”

Senator Albert Gore 1992

1.1) General

There 1s growing concern Jregarding the environmental and human health
impact of gases such as NO/NO,, SO,/SO; and CO/CO,. These gases are being

generated in large quantities by numerous processes: mainly combustion. The
problem is not helped by the lack of low-cost instrumentation available for
monitoring these gases at source and in the atmosphere.

An interesting device that might help fill this gap in the market is an
amperometric oxygen sensor made from zirconia that has been extended to measure
other oxyécn-containin g gases. These sensors are based on the principle that oxygen-
containing gases .can be reduced by ’pumping the oxygen out of them’ with a

zirconia electrochemical pump. By restnctmg access of the gas to Lhe pump w1th a

diffusion pore, and monitoring the current, the concentratlon of thc gases can be
estimated. These have been called zirconia multi-gas, or polarographic, sensors.
Numerous other sensors have been reported in the literature but for a sensor
to be commercially viable it must be cheap, simple, rugged, reliable, easy to use and
have a fast response. Zirconia potentiometric sensors have a thirty year history in
industry where they have convincingly displayed some of the above properties (Fray
(1992)). Their cost is not at present low enough for applications such as domestic

central ileating units and their output is proportional to the log of the oxygen partial
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pressure which makes them difficult to use for lean-burn control. Also, difficulty has

been experienced adapting them to measure gases other than oxygen. Amperometric

sensors have the advantage that they provide a linear output with respect to oxygen
concentration and low-cost designs have been demonstrated (loannou and Maskell
(1992)). The Energy Technology Centre at Middlesex University has substantial
experience and expertise in the design and construction of amperometric oxygen
sensors made using zirconia. It was therefore decided that zirconia amperometric
sensor technology was the most appropriate one to pursue in this work.

One application envisaged for the Energy Technology Centre’s oxygen
sensors was the monitoring of the gaseous environment in industrial plants, mines,
aircraft and other places where the oxygen concentration might be depleted to

dangérous levels. Another was for air-to-fuel ratio (or A) control systems in engines,

furnaces and central heating systems. A difficulty with combustion control
applications was that the sensors gave a response of the same sign when the flue
gases were rich or lean (Copcutt and Maskell (1992) and Benammar and Maskell
(1993a)). They therefore did not allow the two sides of stoichiometry to be
distinguished unless additional features were added to overcome this problem.

1.2) Background to solid electrolytes:
The sensors studied in this work relied upon the solid electrolyte properties

of zirconia, so in this section the theory of solid electrolytes relating to zirconia was

examined.
1.2.1 ©*  History

Micﬁaéi Faraday in 1839 was the first to notice that some solids conduct an

o

electric cunéntiionically. In 1899 Nemst did further work with his Nernst gloﬁ}er

made of )}tui;-ﬁémbilised zirconia (YSZ). In 1937 Baur and Preis used YSZ again to
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make the first solid oxide fuel cell. The recent increased interest in solid electrolytes
has been widely attributed to the papers published in 1957 by Wagner (Fray (1992)).

Modern solid electrolytes can be broadly classified into 3 classes. Zirconia
is an example of an extrinsic conductor. This is because pure zirconia is a poor
conductor and it is only when it is doped with an aliovalent oxide such as yttria or

calcia that it becomes a good ionic conductor. o-Bismuth oxide (BiO;) is an

example of an intrinsic conductor which has a high concentration of oxygen
vacancies in the crystal structure of the pure compound. It therefore has good
oxygen ion conduction without any stabilizers being introduced. Stabilizers are,
however, helpful in improving several properties of the compound such as strength
and conductivity. The third class contains amorphous conductors which includes a
wide rangel of glasses and polymers (see eg. Tuller and Moon (1988)).

The conductivity of zirconia is almost entirely due to oxygen ion conduction
when the applied voltage is less than about 2VH and hence the interest in using this
property for a number of practical applications. For instance zirconia is used in
electrolysis cells for the production of very pure oxygen and in a range of sensors
sensitive to oxygen only. The first oxygen sensors using zirconia were

potentiometric devices described in papers by Kiukkola and Wagner in 1957 and
Peters and Mobius in 1958 (see eg. Steele et al (1981)).

Solid electrolytes are now widely studied, but considering their potential for
helping to improve the quality of the world’s atmosphere, it can be argued that even
the present level of research is too little. A wide range of gas sensors can be made
from them but because of a lack of development only the potentiometric zirconia

oxygen sensor for car exhausts has been widely used. A number of solid electrolyte
fuel and storage cells have been developed but more work is required to reduce the
price and increase reliability. Electrolysis cells and systems for cogenerating
chemicals and power also hold considerable promise for reducing pollution if they

were to be sufficiently developed.
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1.2.2 Zirconia versus other electrolytes

Zirconia has a number of advantages over other solid electrolytes.

¢ It is relatively cheap since zirconium is the 20th most abundant element on
the earth’s crust (Weast (1988)).

. It is chemically stable.

. It has a relatively high conductivity particularly when stabilized with yttria
or scandia.

. The electronic conductivity is substantially lower than the ionic conductivity
in a wide range of oxygen partial pressures. This makes it ideal for many
applications requiring reliable operation in extreme oxygen partial pressure
conditions. ﬁ |

. It is strong and tough and tetragonal zirconia polycrystal (TZP) has such
remarkable mechanical properties ‘that it has created great interest from
materials scientists for that reason alone.

. Zirconia has proved reliable for many applicatioﬁs such as for oxygen sensors

| for gases (Anthony et al (1984)), molten metals (Fray (1992)), and fuel cells

(Steele (1985)). It is therefore well understood and trusted.

Zirconia was used exclusively in this work but there is room for improvement
and many workers have devoted time to finding better electrolytes (eg. Fouletier and
Henault (1983)).

Thoria has even better resistance to reduction and to the onset of n-type
electronic conductivity at high temperatures and low oxygen partial pressures. It has
been estimated that for a given low oxygen partial pressure thoria has an n-type
conductivity 3t03 order's of magnitude lower than that of zirconia (Etsell and
Flengas (1970)). The disadvantages are that thorium is radioactive, more expensive,
and it has significant p-type electronic conductivity in air, -

A few other electrolytes have shown .less electronic conductivity at low

oxygen partial pressures than zirconia. Recently Wang et al (1988) claimed that

CaZrO, was more shock resistant and more resistant to reduction than zirconia.
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However, Yajima et al (1991) showed that it is a proton conductor which could
complicate its use. However, there is speculation that zirconia is also a proton
conductor under extreme conditions (Usui et al (1989¢)). Etsell and Flengas (1972)
found that CO/CO, mixtures gave an accurate Nernst voltage at low oxygen partial
pressures on calcia-stabilised zirconia (CSZ), while it had been reported that H,/H,O
mixtures did not. This could suggest proton conduction in zirconia although
phenomena such as mixed potentials could also explain these results.

Another possibility for high temperature, low oxygen partial pressure
applications is mullite (3A1203-28i02) (Nagatani et al (1992)).

There is an intensive search for electrolytes with better conductivities
particularly at lower temperatures. One of the best reported to date is an oxide of
bismuth, copper and vanadium (BICUVOX) (Abraham et al (1990)).
Bi, V), ¢Cuy ,Os 45 has an ionic conductivity of 0.42(Qm)™ at 300°C and 0.047(Qm)’!
at 200°C (more than 2 orders of magnitude higher than YSZ) and is therefore
promising for low temperature work. Unfortunately, as with all bismuth based
oxides, it is more easily reduced tlrmn zirconia and is not as strong. Bismuth is also

toxic while there are no reports of zirconia being toxic.

1.2.3 The Kroger-Vink notation and nonstoichiometry.

Zirconia is often represented by the chemical formula ZrO, but the ratio of
zirconium to oxygen atoms is rarely in the exact ratio of ‘one to two. Most metal
oxides are slightly nonstoichiometric. For pure zirconia the deviation from
stoichiometry, x (in ZrO, ), is only 108 at 0. l'MPa oxygen partial pressure (Kofstad
(1983)). x increases as the oxygen pressure decreases. The crystal structures of
metal oxides usually contain a variety of imperfections or disorders. Kroger and
Vink devised a system for describing nonstoichiometric solids that has become

widely used. It is outlined below but for more details the reader is referred

elsewhere, e.g. Kofstad (1983).
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An oxygen atom in a metal oxide has 2 extra electrons associated with it
because it is far more electronegative than the metal atoms in the crystal. It is
assigned the symbol Oy where the superscript x indicates that the atom is treated as
neutral even though it is negatively charged. This is because it is "effectively”
neutral. If the structure is missing a neutral oxygen atom the electrons that would
have been associated with the oxygen move away from the vacancy leaving it with
an effective positive charge. Dots are used instead of + signs to distinguish between
effective and actual positive charges. Such an oxygen vacancy is given the symbol
Vo. The dash in the symbol e’ for an electron indicates an effective negative charge.

The concentration of oxygen \;acancies in zirconia can be increased by
partially reducing it. Since the overall structure must remain neutral the result is to
increase the concentration of vacancies with a effective double positive charge (V).
Another method to increase the vacancy concentration is to add an aliovalent
compound (or dopant) such as yttria (Y,0;) or calcia (CaQ). It is also known as the
stabilizer t:;ecause it stabilizes the cubic or tetragonal crystal structure at moderate
temperatures.

The overall electrochemical reaction between gaseous oxygen and zirconia can

then be expressed as:

0,(g) + 4¢’ + 2V = 203, (1.1)

1.2.4 Mechanism of ionic conduction

The mechanism of ionic conduction in solid ionic conductors is not fully

understood. In the search for better solid electrolyteé, much work has been done in

,attempting to predict the conductivity of compounds but so far the results are

Qualitative and not quantitative (eg. Kilner and Brook (1982)). Tuller and Moon
(1988) present a good general summary of recent understanding. lonic

conductivity is temperature dependent and follows an Arrhenius type behaviour. This

suggests that the process is thermally activated and involves ions hopping from site
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to site. At higher temperatures the mobile ions have more kinetic energy and can
move more easily between the sites. The sites in zirconia are oxygen-ion vacancies

in the crystal structure created by aliovalent oxides. Ionic conductivity approximately

follows the relation:

-AH
oi=i‘T.£exp( RTi) (1.2)

R is the gas constant, T the temperature and A, is the ionic conductivity
constant. The activation enthalpy (-AH,) is sometimes quoted in electron volts (eV);
to convert to J mol'! multiply by the Faraday constant (F = 96485 [C equiv™']). AH,
often increases as the temperature decreases (eg. see Suzuki et al (1981)). The
constant A, is therefore temperature dependent and many authors use A; by itself
instead of A, / T. Both A; and AH, are complex functions of the composition and
crystal structure.

It has been shown that a phenomena called 'jump relaxation’ or ‘dielectric
relaxation’ is important in determining the conductivity of many solid electrolytes
(Furnke (1988)). Bates and Wang (1988) showed that relaxation explains their
experimental results with zirconia. The theory in essence states that an ion that has
just jumped to a new vacancy site has a large probability of jumping back in the
direction it came from. When an ion occupies a vacancy in the crystal structure it
helps to create a field or "defect cloud’. If it jumps to a neighbouring site the cloud
created by nearby ions will tend to pull it back. If it manages to stay in the new site
long enough, other nearby ions will jump in the same direction and "relax’ the cloud.
In the relaxed cloud it has a reduced chance of jumping backwards and may even
jump forwards again.” Ratner and Nitzan (1988) explain how this model is similar

to the Debye-Huckel theory for liquids but also mention other models that have been

proposed.
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1.2.5 Zirconia crystal structure

A study of the crystal structure of YSZ reveals a little about the optimum
level of yttria doping. YSZ can exist in any of 3 different crystal structures;
monoclinic, tetragonal or cubic. Fig. 1.1 shows the phase diagram for YSZ using
averaged data from Nowotny et al (1988) and Yoshimura (1988). The exact location
of the phase boundaries is uncertain below 2000°C because of the slow approach to

equilibrium, continuous transformations, and significant influence from minor

impurities.
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Fig. 1.1:  Phase diagram of yttria-stabilised zirconia (Nowotny et al (1988) and

Yoshimura (1988)). C-cubic, M-monoclinic, T-tetragonal.

Zirconia stabilized by oxides other than yttria displays similar characteristics.
Monoclinic zirconia has the least desirable physical and electrical properties and is

avoided for most purposes. The cubic phase has the best ionic conductivity and has
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been the ceramic used for most oxygen sensors. Tetragonal zirconia polycrystal
(TZP) can be made with between 2 and Smole% Y,O; in ZrO, and is a very
promising material, TZP is extremely strong and tough and it has been found that
if the size of the grains is small enough the transformation to the monoclinic phase
1s greatly inhibited. The grain size must be below about 0.2pim for 2% Y,0, but at
higher concentrations there is disagreement. (Badwal and Nardella (1989)) claim
0.6um grains are needed for 5% Y,0, while Nettleship and Stevens (1987) claim
lum for 3% Y,0;. The small grain size required for TZP means that it must be
made by sintering very fine powders.

The conductivity of cubic zirconias increases as the percentage of dopant is
reduced until the limit of stability of the purely cubic structure is reached (7 to
9mole% Y,0,). Formation of the tetragonal phase with further decrease in dopant
concentration can cause a large decrease in conductivity at high temperature
(Nakamura and Wagner (1986)). However, zirconia with the cubic and the tetragonal
structure (partially stabilized) is widely used because its conductivity is still good,
particularly at low temperatures. It is also tougher than purely cubic zirconia (fully
stabilized).

With calcia-stabilized zirconia (CSZ) a maximum in conductivity is reached

at 12% CaO when there are about 6% anion vacancies, yet the conductivity is lower

(Etsell and Flengas (1970)). Kilner and Brook (1982) showed theoretically that the
difference in ionic radius between zirconium and the dopant cation has an important
influence on the conductiviiy. With Zr and Ca the difference is large which is
unfavourable,

‘While the constant A, (in eqn.(1.2)) reaches a definite maximum when the
tetragonal crystals are just beginning to form in the cubic structure, the trend in AH;
is more complex. It tends to increase with increased dopant concentration but may
decrease in.the low concentration range (Baumard et al (1988)). Sgrensen et al
(1985) suggested that the vacancies created by the dopant in zirconia cause defects

in the crystal structure and as the concentration of vacancies increases the defects

tend to aggregate which reduces the mobility of the charge carriers. A number of
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theories involving the interaction of vacancies have been proposed eg. Nakamura and
Wagner (1986) and Ratner and Nitzan (1988). Whatever the mechanism, the result
1s that AH; is so much lower in 3Y-YSZ (3mole% Y,0,) than in 8Y-YSZ (8mole%
Y,0,) that the former can have better conductivity below about 400 or 500°C.

1.2.6 Grain boundaries and ageing

When solid electrolytes are sintered they form grains. Many of the impurities
tend to diffuse to the grain boundaries. These impurities alter the conductivity of the
electrolyte, so the grain boundaries have different electrical properties to the bulk of

the grain and cause a measurable effect.

In a pioneering paper Bauerle (1969) used complex impedance measurements
or frequency response analysis (FRA) to study the conductivity of 10Y-YSZ with
platinum electrodes. He devised an electrical equivalent circuit that explained some
of the impedance results and clearly separated the contribﬁtion of the electrodes and
the electrolyte. His equivalent circuit for the electrolyte included a parallel resistor

and capacitor in series with another resistor (shown below).

Rel Rep
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He proposed that the series resistorhmright iebresént the intra-grain resistance (R,) and
that the parallel RC network might represent the grain boundary impedance.
However, he thought that vacahéy trapping was a more likely explanation for Cgb.
Because R, and C, changé;l with the gaseous atmosphere in which the test was

performed he concluded that they were associated with the electrode.
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By going to higher frequencies and lower temperatures subsequent workers
showed an extra capacitance in parallel with R, (as shown below) provided a more

accurate representation of many solid electrolytes.

Rei Ryt Ry

La Ly Ly

It is generally accepted that the high frequency network represents intra-
granular phenomena and the mid-frequency network represents grain boundary
phenomena. However, the situation is not simple. While C is often orders of
magnitude smaller than C.,, this is not always the case (partly because they are
frequency dependent) and they sometimes cannot be clearly distinguished. FRA
sometimes does not clearly indicate a bulk and a grain boundary network and a more

complex equivalent circuit is indicated.

Dielectric relaxation mentioned in section 1.2.4 is the most likely explanation
of C.. It explains the magnitude of C, and the fact that it increases with decreased
frequency.

Impurities diffuse out of the oxide particles during sintering of the ceramic
and play a key role in the formation of the grains and the general sintering process.
Grain boundaries in zirconia are usually very thin (2-10nm) so -their chemical
analysis is difficult. The evidence is that the phase is composed of glassy silicates
with a liquidus at about 1450°C and that their ionic conductivity is poor. Theunissen
et al (1989) found that the grain boundary phase of YSZ contained 30-34% yttria
independent of the bulk concentration, and Hughes and Sexton (1989) found a
composition of 1.5Na,0:0.5Y,0,:3.0S5i0,. Badwal and Drennan (1987) found that
the grain boundaries in the fired ceramic contained silica as the main component

even when using a high purity zirconia powder with 20pug/g of silica in it, Baumard

et al (1988) reported that Rsb increased as the St content increased. Badwal (1990)
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compressed zirconia held at 1200°C and found that R, decreased as the pressure
increased. The pressure reduced the thickness of the glassy grain boundary phase by
pushing it into the triple junctions and out of the way of the current flow. He
(following Leach et al (1986)) found that a similar effect could be produced by rapid
cooling from the sintering temperature.

Alumina is also an aid to sintering (Radford and Bratton (1979a)) and causes
a decrease in Cgb (Radford and Bratton (1979b)). Steele and Butler (1985) proposed
that the alumina causes a mullite type grain boundary to form which has improved
conductivity compared to the usual grain boundaries which have a high silicon
content. A number of authors have reported that R, is inversely related to the grain
size in zirconia (Bonanos et al (1984), El Barhmi et al (1988a), Badwal (1990), and
Slotwinski et al (1985)). Rg was hardly affected by these alumina additions which
adds support to the initial assumption that the total electrolyte impedance is equal to
the sum of the bulk and grain boundary impedances. However, much of the above
work was done with TZP and the results are not so clearly defined for partially (PSZ)
and fully stabilized zirconia (FSZ) which form grains approximately an order of
magnitude larger (Steele et al (1981)).

Doubt has been thrown on the interpretation, used above, of the impedance
spectra by Nafe (1984). He examined the DC ‘resistance of CSZ, YSZ and yttria-
stabilized thoria over the very wide temperature range of 300 to 2000K. - He
concluded that at high temperatures the total conductivity was dominated by the
grains and at temperatures below about 300°C by the grain boundaries. He proposed
that a parallel RC network is not an accurate equivalent for the grain boundary
impedance: it is an over-simplification and consideration needs to be given to grain
boundaries parallel to the current flow.

Ceramics usually have residual porosity and this porosity is usually
concentrated at the grain boundaries. This porosity was suspected of contributing to

Cob- However, Kleitz et al (1981a) found that porosity had little effect on Cgh and

that high porosity only increased R. - -
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One possible cause for confusion in some conductivity results is ageing
(Vlasov and Perfiliev (1987)). Ageing i1s characterised by a slow decrease in
conductivity. All zirconias are prone to high temperature ageing which becomes
significant above 800°C and reaches a peak near 1200°C. In some cases it is due to
continued diffusion of impurities such as SiO, into the grain boundaries. Formation
of the monoclinic phase, with its low ionic conductivity, may also be a factor.

Ordering of the crystal lattice or formation of micro-domains has also been suggested

(Vlasov and Perfiliev (1987)). “‘

Ageing is slow (days to months) and has been correlated with the slow
diffusion of cations. Typical diffusion coefficients are: 10! to 10%m?s™! for Zr*
and 107! to 10%m?s’! for O* at 1000°C (Etsell and Flengas (1970)).

In addition to high temperature ageing TZP can also be affected by a severe
low temperature degradation. It is particularly severe around 200-250°C and
Yoshimura et al (1987) have shown how it is probably due to the diffusion of OH"

into the crystal structure. The OH" causes a tetragonal to monoclinic transformation
(t-m) starting at the surface, creating cracks that grow into the bulk. The process can
be reversed at 1400°C. This theory is supported by Badwal and Nardella (1989) who
showed that t-m transformation is prevented if the water concentration is very low
but is promoted by anodic conditions. With these 2 ageing processes the long-term
use of TZP is restricted to near room temperature and between about 500°C and
800°C (Badwal (1990)).

Small grains, hot isostatic pressing and small alumina additions all help
reduce ageing of TZP (Nettleship and Stevens (1987)). Badwal and Nardella (1989)
found that a high silicon content caused inhomogeneous grain growth and thus
enhanced proneness to ageing.

The surface of the electrolyte has features in common with internal grain
boundaries and Nowotny et al (1988) showed that Al and Ca migrate to the surface
of YSZ and form a very thin but concentrated layer. This layer took more than 100
hours to form at 780°C. Hughes and Badwal (1991) showed a similar result with

silicon migrating to the surface and taking yttria with it. They also found marked
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changes in behaviour from small variations in impurity concentration. The use of
high purity material is therefore important for minimizing ageing effects and

generally increasing the reproducibility of results.
1.2.7 Electronic conduction

The total conductivity is the sum of the conductivities of all the different
- charge carriers. The only significant charge carriers in zirconia are oxygen ion
vacancies, electrons, holes (electron vacancies) and in some circumstances possibly
protons. Holes tend to form at high oxygen partial pressures by the reaction
%20,(g) + Vo = Og + 2h". (1.3)
p-type semiconductivity is thus created by the holes formed and the conductivity

follows the relationship: ,ﬁ
o, = of po,'A, (1.4)
where og is the conductivity due to holes at unit oxygen partial pressure.
At low oxygen partial pressures zirconia is partially reduced, the equilibrium
goes the other way and free electrons are formed generating n-type conductivity.
Op = %0,(g) + Vo +2¢’. (1.5)
The conductivity due to electrons is also oxygen pressure dependent and

follows a similar relationship:

o, = o po, S (1.6).

Fig. 1.2 shows a plot of conductivities of zirconia-as a function of oxygen

partial pressure using data from Kleitz et al (1981c). This group was one of the few

to study the n-type conductivity of YSZ - most work has been done on calcia-

stabilized zirconia. Palguev et al (1975) found the p type conductivity of YSZ to be

lower than that reported by Kleitz et al while Beresnev (1991) found it to be slightly
higher. .

The . presence of electronic conductivity causes electrochemical

- semipermeability which is considered in more detail in section 1.6.3.
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Fig. 1.2: Conductivity of YSZ. The horizontal lines represent ionic conductivity
which is independent of oxygen potential. The lines with slope -% and +% represent

n-type and p-type conductivity respectively. , 650°C; - - -, 950°C. Data from

Kleitz et al (1981c).

Using an electrode consisting of a point of various metals pressed onto
zirconia Kleitz et al (1981b) showed that partially reduced zirconia is reoxidised in
4 stages. E'I‘he phenomena could only be observed with a point electrode because the
effect diffuses rapidly with distance. The first stage is probably associated with trace
impurities of Fe which is readily reduced from a valence of 3 to 2. The second and
third stages could be due to trace impurities of Ti and Ce which also have variable
valencies and can thus promote electronic conductivity. Reeiz et al (1984) and Levy
‘et al (1988) also concluded that trace impurities such as Fe and'Ti play a role in the

electronic conductivity of partially reduced zirconia.
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1.3) Solid electrolyte oxygen sensors

In order to develop new sensors, existing sensors need to be thoroughly
understood. The range of sensors being investigated is huge so this section has been
severely restricted to the theory of sensors directly related to this work. Azad et al
(1992) recently reviewed a wider range of sensors. Although the sensors described
in this section aré sometimes made from solid electrolytes besides zirconia, they have

been described from the perspective of zirconia.
1.3.1 Potentiometric sensors

A typical potentiometric sensor can be represented as:
pO,,Pt| YSZ| Pt,p’O,
Fig. 1.3 sho{ws s;JCh a sehsor One electrode is exposcd to a gas with an oxygén
partial pressure of pOz and the other electrode is exposed to a gas w1th an oxygen
partial pressure of p '0,. This difference in oxygen partlal pressure causes a potenha]

to develop between the two electrodes. This potential is given by the well known

Nernst equation:

/ : L o
RT P 02 S '“
= 1n (1.7)
dF " pO,

The constant R/4F is 2.15433x10°° [VK'']; at 735°C the Nernst voltage is
50.0mV per decade of oxygen partial pressure ratio. *: - by

Minimal current should be drawn from potentiometric sensors to prevent any
significant overpotentials from developing on the electrodes. If the OXygen pressures

involved are extreme enough to cause significant electronic conductivity an error will

be caused by three factors.

a) The electronic conductivity will cause a flux of oxygen ions in the

electrolyte from high pressure to low pressure (to compensate for the flux of
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electronic carriers). This will create an overpotential on the electrodes that will

reduce the EMF.

b) The leakage of oxygen will increase pO, on the low pO, side.

Fouletier et al (1976) and Iwase et al (1984) showed that this was not nearly as
important as the overpotential factor.

C) The Nernst equation as shown above was derived assuming an ionic
transport number (t,,,) of close to 1. If t. < 1 then the voltage drop across the two
electrodes is equal to the Nernst voltage multiplied by t, .. The value of t. used is

found by integrating across the thickness of the electrolyte (Etsell and Flengas
(1970)).

!
0
E = tion ggln nE 22 (1.8)

In commercial sensors one electrode is often exposed to air and the other
immersed in the medium where the oxygen partial pressure is to be measured. The
air acts as a reference with a known oxygen partial pressure so that the Nemst
equation can be used to calculate the unknown p0O,. A common application for these
sensors is the air to fuel ratio control of engines with catalytic convertors (Maskell
(1987)). The sensor shown in Fig 1.3 is a typical example. They are also used for
testing the oxygen levels in molten steel. Because of the high temperatures involved
sensors for steel can have a lifetime of a few seconds. Sometimes steel SEeNsSors use
a Cr/Cr,0, mrxture as an oxygen partial pressure reference mstead of air (Fruehan
et al (1969)). The low pO, created by the chromrum means that the drfference in
oxygen partial pressures is reduced and this decreases the leakage due to

semipermeability. The accuracy is therefore increased.
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Fig. 1.3: A typical potentiometric oxygen sensor made using a zirconia thimble.

More detail about potentiometric sensors can be found in numerous papers eg.

Maskell and Steele (1986), Fouletier (1974) and Anthony et al (1984).
1.3.2 Amperometric sensors

These are not yet widely used but hold promise for many applications
including the sensing of gases other than oxygen.. Recent work in the Energy
Technology Centre has included development of thick film heaters for attachment to
sensors and of control electronics*(Benammﬁ and Maskell (1989)). These
developments have enabled lower cost devices to be produced which are now being
incorporated into prototjpe domestic boilers (Hargreaves and Ovenden (1990)).
Sensors made by screen printing layers of platinum and zirconia have also been

produced (Ioannou and Maskell (1992)) enabling a further reduction in cost.
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Fig. 1.4 shows an amperometric sensor with a reference electrode (RE) and

a schematic diagram of the circuit used to oﬁcrate it. Oxygen is pumped out of the

internal chamber so that the oxygen partial pressure within the chamber is very low.
The electrochemical reaction involved in the operation of these sensors is simply:

O,(g) + 4 == 20* (1.9)

Oxygen is consumed at the cathode inside the sensor and released by the

anode on the outside surface.

g Diffusion hole

e

- Working electrode “ Metal seal
—--
1z ____ Flectrodes

Secondary electrode

P

Fig. 1.4: A zirconia amperometric oxygen sensor with metal seal.

Mercury relay

Normally a pumping potential of about 500mV is applied to the electrodes.
This potential leaves the enclosed volume with a minimal oxygen partial pressure and
creates a limiting current situation. An equation for the limiting current (I;) of a
sensor can be derived by doing a mass balance on a slmall length (dz) of the diffusion

pore. The balance is (Saji et al (1984) and Usui et al (1989)):
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dc
Jo = =D

| 1.10
. 55 * ¥o, %, ( )

where J,, is the oxygen flux and D is the diffusion coefficient of oxygen in nitrogen.
Coz 1s the oxygen concentration and X, is the mole fraction of oxygen.

The first term on the right hand side of the balance comes directly from
Fick’s first law of diffusion. The second term in the equation accounts for the
oxygen carried with the flow of gas through the diffusion pore caused by the
pumping of the oxygen. Using the ideal gas law it can be seen that: .
Coz = X, P/ RT.
P is the total ambient pressure. The result of substituting this into eqn.(1.10) and
rearranging is:

-bP___ 1 dx"zg | (1.11)
RT (1-X,) dz - A

’ ,Joz -.

The boundary conditions for solvmg this differential equation are:
1) atz = 0, Xo2 = on external
i) atz = 8, X5, = zero (m the limiting condition).
where ¢ 1s the length of the drffusron pore
The result 18: |

Jo, = - ———-RT! In(1-X, ) (1.12)

[T

If t._ is unity Faraday's law can be applied to obtain the limiting current (I,):

4FDA_P

© = -X b s (1,13
I, = == }n(l Xo,) ( )
where A, is the cross sectional area of the diffusion pore. -, .-

The term In(1-X,) approaches -X,, as X5, approaches zero so eqn(1.13) can

be simplified to eqn(1.14) for low oxygen concentrations.
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1, = - 2FDAP, FDAp 5o (1.14)

" RT¢ Xo, = RT! PO,

Eqn(1.14) can be derived directly from eqn(1.10) if the second term of the right hand
side is removed. For air, eqn(1.13) gives a result 11% higher than eqn(1.14). For
10% and 1% oxygen the errors in eqn(1.14) are 5.1% and .51% respectively. It is
difficult to measere accurately the diffusion pore size and the diffusion coefficients.

Therefore, by finding a pore size that gives a best fit to eqn(1.14) at about 10%

oxygen the error would never be greater than about 5% for all concentrations up to

21%. Greater accuracy was desired in this work so the -In(1-X,,) correction was

used.

Eqn(1.13) and (1.14) are applicable whether the type of diffusion is bulk or
Knudsen. Bulk diffusion dominates when the size of the diffusion pore is greater
than the mean free path length of the diffusing gas (Dietz (1982)). The mean free
path length in air at 0.1MPa and 15°C is 6.63x10°m (Weast (1988)). Under the
conditions considered here the ideal gas law can be used with little error. Therefore
the mean free path length is proportional to the inverse of the absolute temperature
and at 700°C it is 2.24x10"m which is 100 times smaller than the smallest diffusion
hole used in this work. ' For bulk diffusion the relationship between the diffusion
coefficient (D) and temperature and pressure is (Reid et al (1987)):

D o L | (1.15)

where o 1S a constant dependent upon the gases in the mﬁture

o 1S usually in the range 1.5 to 1 75 as can be seen by exammatlen of the
formulae for estlmatmg D in Appendix 1. It can be seen from eqns l 13, 1.14 and
1. 15 that I, is proportional to TP (Dietz (1982)) and therefore amperometnc

sensors are expected to show a temperature dependence of between T and T%75,

It can also be seen than I, is approximately independent of the total pressure. The

current is therefore a measure of oxygen concentration rather than partial pressure

(Dietz (1982)).
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The estimated value for D for oxygen in nitrogen at 700°C is 164 mm?s’!
(Perry (1984)). Therefore, a sensor with a 25um pore 0.7mm long should give a
limiting current in air of 116pA at 700°C, .

At total ambient pressures below about 1kPa Knudsen diffusion would be
expected to dominate assuming a 25um pore and 700°C. Knudsen diffusion follows
the relationship (Dietz (1982));

&
i

n:%z apg;r ” (1.16)
L

Bp’is the diameter of the diffusion pore, and M is the relative molecular mass of the
diffusing species.

When Knudsen diffusion dominates, I; should be proportional to the oxygen
partial pressure and to T, The 'Knudsen sensor’ therefore differs from the *bulk
sensor’ in being pressure sensitive and havmg an output that decreases with
increasing temperature. Usui et al (l989b) venfied the absolute pressure dependence
using a 22um pore. Above 40kPa I, was mdependent of pressure but below that

pressure Knudsen diffusion started to show an influence and I, decreased. Kamo et

al (1985) using a S00um pore found I; to be siightly dependent on the total pressure
down to about SkPa when it became directly dependent. Kamo et al (1985) and Usui

et al (1989b) both found a temperature dependence of T%? in the bulk diffusion
region indicating an o value of 1.73.

The limiting currents reported in the above equations are negative. This is
because international convention has chosen cathodic currents to be negative and
anodic ones positive. The working electrode in this work was always the internal

pumping electrode which must be cathodic in order to pump oxygen out of the

internal volume. Limiting currents for amperometric oxygen sensors are therefore

negative in this work.
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1.3.3 Pump-gauge sensors

A number of devices come under the general heading pump-gauge. They

share several features with amperometric sensors but also include a Nernstian gas
sensing cell in addition to a pump cell. Early examples were made with zirconia
tubes by Fouletier et ai (1975). Flow into the sensor, of the gas to be analyzed, was
controlled by some external aﬁangement. Later designs used two discs of electrolyte,
one acting as a bump. and the other as a }gauge (Haaland (1977) and Hetrick et al
(1981)) see fig. 1.5. 'Flow’ was controlled by the size of the diffusion pore.

Diftusion pore
o / bouge electrodes

N \\\\\\\\' S discs
#

_"' blass seal

.‘ ‘... Punp ﬁelectrode’sﬁ W
> @ e

Fig. 1.5: A pump-gauge oxygen sensor made with a glass seal.

Two modes of operation are commonly used. o
. 8)  Constant E; mode. If the pump current is adjusted so that the gauge
voltagei is constant and large (eg. 150mV indicates a 1600 fold decrease in oxygen
pressure) then the current follows the relation given by eqn. 1.14 above. However,
there are advantages in using lower gauge voltages as discussed later, The equation
describing the pumping current can be obtained by combining eqn(1.7) (Nernst

equation) and (1.14) to give (Hetrick et al (1981)):
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_ _ AFDA ( -4FEg ] (1.17)
L RTT POz 1-exp (—7)

where E, is the voltage on the gauge cell.
b) AC mode. If a sinusoidal current is applied to the pumping electrodes,
the gauge voltage will also vary with an approximate sinusoidal waveform. The peak

amplitude of E; indicates the oxygen partial pressure. This mode of operation has
several advantages such as removing the need for an oxygen partial pressure

reference. Severajlenhancemehts to the basic idea have been described (Benammar
and Maskell (1992a & b, 1993b).

1.3.4 Coulometric sensors

These sensors derive the oxygen pamal pressure from the charge required to

pump the oxygen out of an enclosed volume They are constructed on the same

principle as the pump-gauge sensor except that the dtffuswn pore is not necessary.
Oxygen is pumped into the small enclosed compartment until pO, is the same inside
and out. This is measured with the gauge cell and a zero Nernst potential indicates
equallty of the internal and external oxygen pressures ~ Faraday’s law then defines
the charge required to remove the oxygen from the compartment. They have the
dlsadvantage of requiring complex control circuitry and the response is slow Heqme
et al (1975) patented a coulometnc sensor that was a small mtellectual ‘step from
being the first amperometnc sensor. It used the charge required to empty the
chamber of oxygen and/or the time requlred to replemsh it wa a dtffusmn barrier to
determine the oxygen concentratton More details can be found in Haaland (1977)
and de Jong (1983). |
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1.4) Extending the application of solid electrolyte sensors

Gas sensors made using solid electrolytes have the advantages that they are
heat resistant, miniaturisation is straightforward and they can be robust and long
lived. All the sensors described in section 1.3 can be made with electrolytes that
conduct ions other than oxygen and their application can therefore be extended to the
corresponding gases. At present viable electrolytes are available only for the
following gases: hydrogen, the halogens and carbon and sulphur oxides.

Glass is a hydrogen conductor and the pH probe is a well known example of
a potentiometric sensor. NASICON is a sulphur ion conductor but it also conducts
oxygen ions. This means that the oxygen concentration must be known in order to
calculate the concentration of the sulphur oxides. Sensors using it therefore need to
be used in conjunction with oxygen sensors. Although this adds complication, a
combined oxygen and NASICON sensor could simultaneously determine the
concentration of oxygen and all the sulphur oxides (assuming equilibrium conditions)
(Gauthier et al (1977) and Skeaff and Dubreuil (1993)).

If -the sensing electrode is made of a compound containing both the ionic
species of interest and the ionic species mobile in the electrolyte, a sensor can be
made for a very wide range of species. For instance a phosphorus sensor has been
made using a sodium phosphate electrode on B-alumina. Sodium ions are mobile in
B-alumina and a potentiometric sensor made from it therefore measures the sodium

activity of the electrodes. The sodium -phosphate electrode produces a sodium
activity that is related to the phosphorous activity of the fluid (eg. molten metal) that
surrounds it. It is therefore possible to calculate the phosphorus concentration using
the cell potential and a knowledge of the thermodynamic stability of sodium
phosphate (Fray (1992)). .

The same principle has been used to detect oxygen at room temperature using

=
kkkkk - < 0 . PR

fluorine ion conducting electrolytes (Alcock et al (1992)). Rao et al reviewed NOx
sensors and described a device for NO/NO, detection using B”-alumina. Azad et al

(1992) recently reviewed a wide range of solid electrolyte sensors.
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As mentioned in section 1.2.2, zirconia has a number of advantages and

therefore it has been used wherever possible. Some of the reported work is discussed
below.

1.4.1 Lean-burn control sensors

Combustion processes of all kinds produce many of the air pollution and
atmospheric problems suffered today. Lean-burn (excess of air) combustion has a
number of important advantages over stoichiometric combustion including;:

. Reduced emission of carbon monoxide.

. Reduced proportion of fuel that passes through the system unburnt or only
partially oxidized.

- However, if a gas concentration sensor in the exhaust gases is not used to provide

feed-back control of the combustion a relatively large excess of air is required to

ensure that excess fuel conditions do not occur. A sensor in a feed-back control loop
allows the fine control required to maximize the advantages of lean-bum.

. The emission of nitrogen oxides can be reduced by accurate dynamic control

- of the air to fuel ratio (Matsushita et al (1984)). Together with the previous
2 points it might be possible to achieve tolerable emission levels from petrol
engines without any catalytic convertor with its associated use of precious

© metals. .

e - If the excess of air is kept to an optimum level the efficiency of the
combustion can be maximised. A 10-15% improvement compared to
operation at stoichiometry can be achieved for petrol engines (Kobayashi et
al (1984)).

The problem with potentiometric sensors is that they have low sensitivity to
changes in the air-fuel ratio in lean-bum conditions.  This could be partly overcome

using costly temperature control to negate the temperature sensitivity, but the output

signal would still need to be linearized and amplified. The output is also sensitive

to the presence of gases such as CO and NO, at temperatures below 400 or 500°C
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which could be a problem when the engine is starting from cold. Attempts have
been made to overcome ‘some of these problems by several workers including
(Subbarao and Mati (1983)). These sensors have not been successful.

Zirconia amperometric sensors hold promise for lean-burn control but the
simple designs described above cannot distinguish the two sides of stoichiometry.
In lean-burn conditions the potential on the external pumping electrode (anode) is
typically less than 100mV negative with respect to air. The pump voltage of
typically S00mV therefore creates a potential of 500-600mYV negative relative to air
on the internal pumping electrode (cathode). This is insufficient to reduce either CO,
or HyO. The problem during rich-bum conditions is that the anode potential
increases to more than 700mV negative with respect to air which means that the
cathode potential becomes more than 1200mV negative relative to air. This is
sufficient to reduce CO, and H,0. The result is a current during rich-burn conditions
in the same direction as the current during lean-burn conditions (Benammar and
Maskell (1993a)).

Several authors have proposed solutions to this problem. Dietz (1982),
Soejima and Mase (1985) and Ueno et al (1986) describe sensors that use an air

reference. By holding the Nemnst potential between the air electrode and an electrode
within the pumping potential at about 400mYV, they found that lean-burn always gave

a negative current and rich-burn always gave a positive current. Logothetis et al
(1985) describe a similar device but the air reference is only used to detect on which
side of stoichiometry the syetem is. Kobayashi ‘et al (1984) described the
deveIOpment of a lean-burn engine that dsed an adapted thimble sensor. By adding
a ceramic diffusion layer they turned it into an amperometric sensor with an air

reference - | |
N Suzuki et al (1985) and Maskell (1991) both descrtbed double chamber

devrces that did not need air references Benamrnar and Maskell (1993q) have
demonstrated the feasibility of one possnble mode of operatlon for double chamber

devrces



1.4.2 - Non-Nernstian sensors

These sensors can be used to detect reducing gases such as carbon monoxide,
methane and hydrogen in air (Haaland (1980)). The sensor consists of two electrodes
of different materials on a zirconia disc. One electrode is made of a metal such as
platinum which catalyses the oxidation of the reducing gas. The other is made of a
non-catalytic metal such as gold. The reducing gas reacting on the platinum

electrode makes the oxygen concentration on that electrode lower than on the non-
catalytic electrode. A Nemst potential is therefore developed. These sensors are not
specific because a wide range of gases and volatile organic compounds can produce

a response. - They are useful for such applications as fire hazard alarms. Haaland
(1980) has studied various electrodes with different gases and has also investigated

creating electrodes with low catalytic activity by poisoning them with sulphur or
lead.

Moseley (1988) gave "non-Nemnstian sensors” a broader classification to

include the anomalous EMF sensors disEussed in the next section.

143 Anomalous EMF CO sensor

Okamoto et al (1980) reported a CO sensor that used an anomalous EMF
generated on platlnum electrodes at tcmpcratures below 450°C. Several previous

workers had noticed that low concentrations of CO caused an anomalously large
decrease in the oxygen potential as measured on a platmum electrode (Steele et al
(1981)) Later work usmg mfra-red spectroscopy showed that this effect was due to
the very strong adsorpuon of CO on Pt at these temperatures (Okamoto et al (1981)
and Kudo and Fuek1 (1990)). The rate of oxrdatmn of CO on platinum drspersed on
zirconia or alumina remforced this conclusron{ (Okamato et al (1981)). Presumably
the CO excludes oxygeu from the electrochemical reaction sites and causes ‘an

anomalously low O, potential on the platinum electrode.
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By coating one of the platinum electrodes on a zirconia disc with a CO
oxidizing catalyst, Okamoto et al (1980) were able to measure an EMF. This was
because the uncovered electrode had a very low oxygen activity because of the
competitive adsorption of CO. The catalyst over the other alectrode oxidised all the
CO and the oxygen activity on that electrode was equivalent to the partial pressure
of the oxygen in the surrounding atmosphere (with a slight reduction due to that
consumed by the CO). Note that this mechanism is different to that of a non-
Nernstian sensor. The other difference is that non-Nernstian sensors generally
operate above 500°C while anomalous emf sensors generally operate below 400°C
(de Velasco et al (1993)). |

The response of Okamoto et al’s sensor was largest at temperatures below
350°C giving a sensor response of 30mV for 100ppm of CO and was insensitive to
oxygen concentration. A non-Nernstian sensor in air at 600°C would produce 4.5V
for 100ppm CO in air, and the EMF would increase with reduced oxygen
concentration.

The EMF of the CO sensor was found to oscillate when the CO
| concentratians were between 10% and 70% of the oxygen concentration. The sensor
response remained at a fixed level for CO concentrations higher than this, which
could be an indication that the surface of the platinum was saturated with adsorbed
o | f ,, — |

Hydrogen probably also causesl a mixed potential because the CO sensor of
Qkatnoto et al was found to have a cross sensitivity with it. The sensor was
modified by adding a selective H,-oxidation catalyst to remove this cross-sensitisity.
Fig 1.6 illustrates the final design of the sensor. A very similar SEnsor was rei:erttly
reported by Li et al (1993) They used a porous layer of CuO and ZnO over one of
the Pt electrodes as a CO oxidizing catalyst The other electrode had no over-layer

of catalyst so their sensor would probably also sul‘fer from cross-sensntmty

Gessner et al (1988) noticed a similar effect with NO, and showed that the

electrochemical activities of NO and NO, caused a mixed potential. de Velasco et
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al (1993) reported a hydrogen sensor that made use of the mixed potential on a SnO,

electrode on zirconia.
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Fig. 1.6: The anomalous CO sensor of Okamoto et al (Kudo and Fueki (1990)).

1.4.4 Amperometric multi-gas sensors

The potential applied to the pump of an amperometric sensor causes removal
of oxygen from the enclosed chamber of the sensor. Progressive increases of the
pump potential causes the oxygen partial pressure to be reduced to the point where
other oxygen containing gases are reduced. The reduction of these gases causes
additional current to flow compared to the current resulting from free oxygen
reduction only. By analysing the current-voltage characteristics of the sensor it 1s
possible to detect the presence of reducible gases. Dietz (1982) showed that H,0O or
CO, could be determined in this way. Usui et al (1989d & 1991) have achieved
success in differentiating between free oxygen and H,O, using this method, while

Saji et al (1988) had limited success detecting CO,.
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1.5) Theory for designing and optimizing sensors: overvoltages

The development of two basic sensor types was pursued in this work. The
first was a lean-burn sensor that could measure the oxygen concentration in the
exhaust of a fuel-lean combustion system, but which gave negligible output when the
system was running rich. The second was a multi-gas sensor that used the ability of
the sensor to reduce oxygen-containing gasés. The first sensor required large
electrode overvoltages for its operation while the second required the overvoltages
to be as small as possible. The mechanisms by which overvoltages were formed was
therefore studiegl. Overvoltages were considered on metal electrodes only and not
on oxide or mixed conducting electrodes.

Despite intensive study by many workers over the past 2 decades the

processes are still not clearly understood. For an oxygen electrode acting as a

cathode, the oxygen enters the zirconia from the bulk gas via a number of steps. It
must first diffuse through a boundary layer in the gas to the electrode surface. If the
electrode is porous the oxygen also has to ;iiffuse through the pores. If must then
adsorb onto the surface of the electrolyte and/or the metal of the electrode. r Any

oxygen not adsorbed onto the surface at an electrochemical reaction site (ERS) must
then diffuse along the surface it is on until it reaches such a site. If the oxygen is
adsorbed as a molecule it must also dissociate into adsorbed atoms at some stage.

Wang and Nowick (1981) proposed that imperfect adhesion of the platinum to the
zirconia created a small Spac;c between the Pt electrodé and the zirconia. They
suggested that diffusion of adsorbed oxygen in this space could be rate limiting.
Oxygen may also diffuse through the bulk of the metal electrode. Having finally

reached an ERS the biygén atoms can undcfgo electrochemical reaction and enter

the electrolyte as oxygen ions.
To develop a mathematical model of the process the important rate limiting
steps need to be isolated. At gas-solid electrolyte interfaces, gas phase diffusion of

oxygen to the electrode has been shown not to be rate limiting. Firstly if it were, the

exchange current density would be inversely proportional to the oxygen partial
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pressure which has never been observed (eg. Sakurai et al (1989)). Secondly,
overvoltages would probably decrease with increased gas flow rate. Most studies
reported no dependence of overvoltégcs on flow rate although Etsell and Flengas
(1971) did report a small (but unspecified) effect. Where flow rate sensitivity has
been observed it was often associated with temperature or pressure effects (Anthony
et al (1984)). Thirdly, the diffusion coefficient of gases is around 10“m?s™! which
1s 5 orders of magnitude greater than that in liquidg. The development of a diffusion
layer 1n gases like that in liquids is therefore not possible at the current densities that
can be achieved with solid electrolytes.

Electron micrographs of metallic electrodes indicate that their structure is so
open that gas phase diffusion in the pores is also unlikely to be limiting. |

Gur et al (1980) and others ha;ve considered dissociation of adsorbed oxygen
molecules as limiting but there is little expellimental evidence for this. Also, recent
wpr!; by Gillan (1993) suggests that bimolecular gasés will not adsorb unless they
strike the metal surface with a particular orientation and simultaneously dissociate.
This simultaneous adsorption and dissociation may therefore be rate limiting.

The other possible rate controlling mechanisms cannot be so easily eliminated,
although diffusion of oxygen through metals such as platinum and gold was
considered very unlikely (Wang and Nowick (1981)). The theory of electrochemical

exchange reaction was considered first.

1.5.1 The Butler Volmer equation

- The Butler-Volmer equation was derived using considerations of the

activation energy of the electrochemical exchanges. For a complete derivation see

Bockris and Reddy (1970). The most general form of it is: -

.‘ -
-
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§ = io [eﬂ‘Fn/RT_é'ﬂan/RT] (1 . 18)

i is the current density flowing for a give overvoltage (1)) and i, is called the
exchange current density. o, and o are respectively the anodic and cathodic transfer

coefficients which are made up of the following components:

aa:.n_;'{.-rﬂ ac:% + rfs : (1.19)

where 7y is the number of charge transfer steps before the rate determining step in the
~cathodic direction, émd B is the symmetry factor. r is the number of electrons
transferred in the rate determining step and n is the total number of steps in the
electrochemical transfer. s is the number of times the rate determining step (RDS)
1s repeated.

At high overvoltage the Butler Volmer equation simplifies to the Tafel
equation.
i = j,e®MRI
for cathodic conditions and
j = j,e™ VRI
for anodic conditions. At an overvoltage of S0mV at 700°C the error in the current
given by the ':l‘afel equation is about 10% while at 100mV it is less than 1%. A
Tafel plot is made by plotting In(i) vs. 1 and the slope of the curve at large 1 is
oF/RT.
van Hassel et al (1991b) found that for gold electrodes the apparent charge
transfer coefficients (o, and o) were 2.08 and 0.66 respectively at 769°C in 0.1MPa
partial pre;sufc of oxygcﬁ. The coefficients decreased at lower temperatures to
values closer to 1.5 and 0.5. They also found that o, increased at lower oxygen
partial‘ prcssurcé. ‘ Thcy f)artially cxpléined their results with a model that assumed

competition between charge transfer and surface diffusion of adsorbed oxygen.

Diffusion is discussed further in section 1.5.4. while charge transfer is considered in

section 1.5.3.
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1.5.2 Electrode resistance - exchange current density

When an electronic conductor such as a metal is in contact with an
electrolyte, an exchange of electrons and ions continuously takes place. When no net
current flows through the electrode, the rate of electrochemical exchange is the same
in both directions. ie. the anodic and cathodic reactions proceed at the same rate.
The rate of this exchange is called the exchange current density (iy). It cannot be
measured directly because it is a dynamic equilibrium process occurring on a
molecular scale but can be calculated from the electrode resistance (R,). R, is given
by: dn/dl in the limit as 1} approaches zero. i, is then given by (eg. Bockris and
Reddy (1970) p 1007 or Liu and Khandkar (1990)):

| = 1 ______RT = 1 E
° Rol F(aa"'ac) Ralt F

S
T (1.20)

This equation is only valid at low onvcrvoltages. The error in i, from eq. 1.20
compared to the value derived from the full Butler-Volmer equation depends upon
the values of o, and o,. For values of R, measured using values of 1 between
+2mV and -2mV it varies between 1 and 5% for o, and o, between 0 and 4. For
+10mV the error is 6 to 26%.

1.5.3 The three phase boundary

The three phase boundary (TPB) is the line where the metal of the electrode,
the electrolyte and the gas phase meet. A number of recent workers have shown that
with most metal electrodes on zirconia the TPB is where most, if not all, of the
electrochemical reaction sites are found (Schouler (1983)). All research that has

studied the result of changing the length of the TPB has found that the current

carrying capacity of the electrode increases with increased length of the TPB (Brook

et al (1981)).
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Some interesting insights have come from attempts to measure the width of
the TPB. Brook and Markin (1973) used doped indium oxide particles of various
sizes as electrodes. They estimated the TPB to be about 2jim wide under moderate
conditions (<100mYV) but wider under extreme overvoltages (>1V). The TPB can
achieve this width by 2 mechanisms. Either oxygen diffuses through the electrode
material or electronic carriers in the zirconia allow electrochemical reactions to take
place a short distance from the electrode.

Tannenberger and Siegert (1969) noted what Wang and Nowick (1981) have
called constriction resistance. Using silver electrodes on zirconia discs of different
thicknesses Tannenberger and Siegert found that a plot of electrolyte resistance
against electrolyte thickness did not pass through the origin. They found that their
results predicted that even an infinitely thin electrolyte would have the resistance
equivalent to 100 to 200um of electrolyte. van‘ Heuveln et al (1993) found that
constriction resistance caused a large increase in the nteasttred electrolyte resistance
when using Lag.Sr,sMnO; electrodes on thin zirconia sheets. They found that
increasing the length of the TPB reduced the constriction resistance and the electrode
resistance. - | |

Kleitz et al (1981a) found evxdence for the lmportance of the wndth of the
TPB from experiments using gauze electrodes. Electrolyte conductmtnes measured
using gauze electrodes were lower than those measured with sputtered electrodes
The measured values mcreased as the oxygen partial pressure was mcreasedT. This
suggested that the increaeed p-type conductivity at higher pressures allowed electrorte

in the zirconia to move further from the real TPB and create a wider effective TPB.

Fig. 1.7 illustrates this mechanism,
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Fig. 1.7: Cross section of an electrode on zirconia in cathodic operation showing the

TPB and the route taken by oxygen approaching and leaving it.

Further evidence for the mechanism suggested above is the large increase in
exchange current densities observed when the surface of the zirconia is deliberately
given a higher electronic conductivity. van Hassel et al (1992) and van Hassel and
Burggraaf (1992) did this by inserting iron into the surface of zirconia with an ion-
beam implanter and found an increase in i;. Nguyen et al (1986a) increased i, by
partially reducing the zirconia to promote electronic conductivity. 0baya§hi and
Okamoto (1981) immersed zirconia into hydrofluoric acid and observed an increase
in iy which they attributed to fluorine diffusion into the surface. However, it is more
likely that it dissolved the glassy phase on the zirconia surface. .

Fig. 1.7 also shows how diffusion of oxygen through the metal can increase
the TPB thickness. Oxygen diffuses more rﬁpidly through silver than other metals
used for electrodes (Kontoulis and Steele (1991)) which could explain the high
exchange current density found with silver electrodes (Wang and Nowick (1981)).
Diffusion through other metals is probably not fast enough to make a significant
difference to the TPB.
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1.5.4 Surface diffusion resistance

A plateau has been widely observed in the cathodic current-voltage

charactenistics of platinum electrodes (Brook et al (1971)). It is most apparent at low
oxygen concentrations. This is strong evidence that diffusion of adsorbed oxygen
across the surface ‘'of the electrode and/or electrolyte to the TPB can be rate limiting.
It 1s not so clear if the adsorption of oxygen onto the electrode or electrolyte surface
may also be rate limiting; most studies have assumed it is not. However, if neither
gas phase diffusion nor the adsorption process are limiting, it is difficult to explain
why the rate of oxygen adsorption directly onto the TPB is not fast enough to
eliminate the need for surface diffusion. It has also not been clarified if diffusion is
only important at high overvoltages or at low overvoltages as well. Nguyen et al
(1986b) showed theoretically that if diffusion on the zirconia surface were rate
controlling then i, should be proportional to pO,>®. If diffusion on the metal surface
were controlling then i, would be proportional to pOzm. Their results showed a 0.53
dependence (3/8 .is 0.375 and 5/8 is 0.625). They suggested that diffusion on
zirconia was controlling because Au and Pt had widely different capacities for
adsorbing oxygen but behaved similarly as electrodes. Also, the amount of oxygen
“ that adsorbs onto the zirconia has been shown to be negligible when compared to
platinum (eg. see van Hassel et al (1992)).

Isotope studies by Steele et al (1986) on zirconia without any electrodes
showed that the surface exchange rate was 3 orders of magnitude lower than that
observed in electrochemical work. Adding platinum to the surface doubled the
surface exchange rate but it was still much lower than typical exchange current
densities. Park and Blander (1991) tested the weight gain of zirconia exposed to
H,0'8, They found surface diffusion rates much higher than those found by Steele
et al, but still lower than i, values would indicate. With Bi,0, Steele et al found the

surface exchange rate to correspond to ij. The surface of Bi,0, is therefore probably
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active in electrochemical exchange (as confirmed by diverse studies) while that of

zirconia probably plays very little part.
1.5.5 Arriving at the total steady-state overvoltage

Numerous models have been proposed using different groupings of the
possible rate limiting steps discussed above. However, no model has been reported
that assumes all three of the following steps simultaneously: adsorption followed by
surface diffusion to a TPB with a width dependent upon t. = followed by

electrochemical reaction at the TPB.

For details of models that have been reported the reader is referred to Sakurai

et al (1989), Nakagawa et al (1990, 1991 & 1993), van Hassel et al (1991a & b) and
Robertson and Michaels (1991). >

Overvoltages are affected by many factors including electrode morphology,
trace surface impurities, electrolyte surface roughness, and previous treatment (high
temperatures or current densities) to mention a few (see above references). Results
are therefore difficult to reproduce. Progress with understanding this complex

phenomenon has therefore been slow and much work remains to be done.

1.6) Sensor design: leakage mechanisms

The major problem encountered with making a sensor that behaved ideally
(i.e. according to eq. 1.13 and 1.17) was the construction of the seal. Therefore, in

this section the theory behind the different mechanisms by which oxygen could enter

the sensor were examined.
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1.6.1 Physical leakage

Diffusion is caused by the process of molecules constantly mixing due to their
random motion in the bulk of a fluid. Fick’s first law has generally been found to
describe this accurately. As discussed in section 1.3.2. bulk diffusion dominates in
a gas if the diameter of the diffusion pore is greater than the mean free path length
between collisions of the molecules, and Knudsen diffusion dominates when it is less.
It was also shown 1n section 1.3.2. that the sensor output shows different absolute
pressure and temperature dependence characteristics when the different diffusion
mechanisms dominate. Small unintentional physical leaks could therefore create a
problem under the following circumstance. Assuming the sensor output was required
to be independent of absolute pressure, it would be relatively simple to assure that
the diffusion pore was large enough. However, if there was a leak in the sensor due
to porous ceramic or small gaps in the seal, then diffusion through that leak would
probably be of the Knudsen type. This could make the sensor pressure sensitive if
there were enough of these leaks. If it was important, sensors would have to be

tested for pressure dependence.

1.6.2 Electrochemical leakage

The report by Kaneko et al (1987) is the most detailed study of the

phenomenon of electrochemical leakage. However, that study only considered small
oxygen partial pressure differentials (applied voltages up to 40mV). For small gauge
voltages (Eg) they found that:

I, = EJ(Ry +k;p’0,” + k,p0,™) (1.21)
where 1, is the current due to electrochemical leakage.
k,p’O,™ is the ohmic resistance of internal electrode and k,pO,™ is the ohmic
resistance of the electrode formed by the interface between the metal seal and the

external electrolyte surface. R, is the effective resistance of the leak circuit
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(electrons flowing through the metal seal and O® ions flowing in the opposite
direction through the electrolyte).

At gauge voltages higher than those considered by Kaneko et al (40mV) 1t
can no longer be assumed that the electrode current-voltage characteristics are linear

so a more detailed study was thought necessary.

1.6.3 Semi-permeability

Electrochemical semi-permeability results from a flux of electrons or holes
flowing through the electrolyte (caused by electronic conductivity) and a
compensating flux of ions also flowing through the electrolyte in response to an
electric field. Semipermeability puts constraints on the conditions of use of
electrolytes and has been well studied (Kleitz et al (1981c). In zirconia, n-type
dominates over p-type conductivity when the oxide is in equilibrium with a gas with
an oxygen partial pressure below about 10°'? Pa, Fig 1.2 (section 1.2.6) shows more
clearly how the different conductivities are related.

Kleitz et al (1981c) and Iwase et al (1984) studied semi-conduction in
zirconia. They came to a common conclusion using different methods and found that
the flux of oxygen due to electronic conductivity was given by:

Joo = RT/MAFL[c)(p0O," - p'0,") - ol(pO, " - p'0, )] (1.22)
where L is the thickness of the electrolyte, 03 is the p-type conductivity at unit
oxygen partial pressure and o is the n-type conductivity at unit oxygen partial
pressure. The above was derived theoretically by making some simplifying
assumptions, but was found to model the experimental results accurately, The
equation can be simplified if p-type conductivity dominates to:

Joa = RTMFL[ of (pO,"* - p'0,')] (1.23)

If p’O, < pO, then it can be further simplified to: |
| Jo = RT/AFL[ oy (pO,'")] (1.24)
At low oxygen pressures a similar relation was found to hold for oxygen flux

due to n-type conductivity. It is given below for the case where p’O, > pO,.
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J, = RT/4F’L[ o? (pO, 4] (1.25)
The current due to semipermeability was derived from egn(1.25) using

Faraday’s law and is:
I, = RTAJFL[ of (pO, %] (1.26)
where A, is the area of the electrodes.
Equation 1.26 is applicable for most situations studied in this work and Fig.
1.8 shows the predicted leakage current as a function of pumping voltage. The
electronic conduction was estimated using data from Kleitz et al (1981c):

o, = 9.81x10°% exp(-359000/RT) pO, '/ [Qcm]!
where the units required for pO, and T are pascals and kelvin respectively. R is
8.3144. In the example taken, the predicted leakage at 40mV is 103A (using
eqn(1.22)), and so 1t i1s clear why Kaneko et al (1987) found no evidence for

semipermeability.
4
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Fig. 1.8: Theoretical current curves due to semipermeability leakage and

diffusion through the diffusion hole as a function of pumping voltage. A sensor with

a 25um diameter pore 0.7mm long operated in an oxygen / nitrogen mixture at

7100°C was assumed.
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Dou et al (1985) have suggested that ox*ygcn migrates on the surface of any

pores (closed or open) within the ceramic. This effectively increases
semipermeability (and changes the pO, dependence). It becomes more noticeable as
the thickness of the ceramic decreases. This could partially explain the wide range

of eléctronic conductivity results reported in the literature as noted by Kleitz et al
(1981c¢).

1.7) Sensor design: response rates

For a new zirconia gas sensor to be viable for many commercial applications
it would need a response time shorter than a few minutes. For a lean-burn control
sensor in car engine exhausts the response time would need to be less than a second.

The factors influencing the response time of amperometric sensors and their gauge

cells are reviewed below.

1.7.1 Rate limitation due to dead volume

(Hetrick et al (1981)) made an estimate of the response time of an

amperometric sensor by using the basic formula:
© = Volume / Flow rate into volume.

They used the diffusion rate of oxygen into the sensor at stecady state as a flow rate
which is DA pO,/RT¢ mole/s (from eq. 1.14). Using the ideal gas equation this
translates to DA /¢ m>/s. Therefore: |

T = VDA,
where V is the internal volume of the sensor. For a typical sensor using a SOum
thick seal and Smm diameter electrodes, 25um diffusion pore 0.7mm long t is 8.5

seconds assuming D = 164mm?s’!. This is longer than the observed response times

which are typically 0.5s (Benammar and Maskell (1991), (Soejima and Mase (1985)
and Ueno et al (1986)). Saji et al (1984) and Suzuki et al (1986) found even shorter



3

response times of 200 and 20ims respectively. . The difference is not surprising since

these tests were done by changing the external oxygen partial pressure while the

internal oxygen partial pressure was held at a low and almost constant level.

1.7.2 Rate limitation due to diffusion

Another estimate of the response time can be made by calculating the time
that it takes to establish a new concentration profile through the diffusion pore. The

theoretical time for a 90% response to a step change in oxygen concentration is
(Maskell (1987)):

t = 0.3¢/D
where € is the length of the diffusion pore.
For a 0.7mm long pore at 700°C (where D = 164mm?s™') the result is 0.9ms.
It is difficult to test for such a rapid response rate but the evidence is that this
estimate is too fast (Suzuki et al (1986)). One reason is that the oxygen cannot all
be reduced by the part of the electrode adjacent to the pore entrance. The oxygen
must diffuse inside the sensor to a part of the electrode that has the capacity to

reduce it.

1.7.3 Electrode capacitance

Many studies have been done on the rc5pon§c rate characteristics of
electrodes. It is not clear yet how much of the capacitive response observed is due
to the double layer and how much is due to factors such as the build-up or

consumption of electro-active species adsorbed on the electrode. Kleitz et al (1981a)
reported that between about S00 and 700°C the overvoltage 1s composed of a fast and
a slow relaxing part. Robertson and Michaels (1991) also found two components to
the overvoltage -and attributed the fast relaxing component to the double layer

capacitance of the electrodes. Fig. 1.9 from Kleitz et al (1981a) summarises typical
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relaxation frequencies assigned to the different components of the response of a
zirconia cell with platinum electrodes. They found that the rapid response of the
zirconia grains varied only with temperature. The slower response of the grain
boundaries varied over a narrow band depending upon the zirconia sample. The fast
component of the electrode overvoltage (labelled as the double layer) only depended
upon temperature while the slow component showed a strong dependence upon the

oxygen partial pressure.
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Fig. 1.9: Relaxation frequencies due to the different components-of platinum

electrodes on zirconia (Kleitz et al (1981a)).

1.7.4 Response delay due to electronic conduction

Heyne and den Engelsen (1977) did a theoretical study in which they showed

that a layer of electronically conducting substance (t,,. < 1) in an otherwise ionically

-
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conducting electrolyte (t,,, = 1) would cause a transient error in the Nernst voltage.

This error can take many hours to diminish because it requires that the oxygen
activity within the electrolyte reaches steady state. It is possible that grain
boundaries display enough electronic conduction to cause a noticeable error (Steele

et al (1981)).

Although this phenomena may not have an important effect on the pumping

cell of a sensor it could have significant influence on the gauge cell.

1.8) Thermodynamics

The thermodynamics of gaseous reactions needs to be understood to predict
the current due to reduction of a gas in an amperometric sensor. Considering water
as an example, the reduction reaction on the electrode 1is:

H,0 + 2¢° — H, + O%, (1.27)
Fouletier et al (1984) showed that at temperatures between about 700 and 900°C the
Nemnst potential on platinum electrodes provides an accurate indication of the oxygen
partial pressure in the éas phase which reaches equilibrium at these temperatures.
The oxygen activity on the electrodes can therefore be calculated by assuming that

it was in equilibrium with the gas phase. The equilibrium for the gas phase reaction:

H,0 — H, + %0, (1.28)
1S:
%
Ko = _E%_E*.*z (1.29)

where P is the total (ambient) pressure and is included in the equation to ensure that
the equilibrium constant Ky, is dimensionless.
K}, can be determined from the well know thermodynamic relationship:
Ky, = exp(-AG/RT). (1.30)

where AG is the Gibb’s free energy of formation of water at temperature T.
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Another well known equation can be derived from eqn.(1.30) by making the
following substitutions into the Nernst equation (1.7).

p’0, = Ky 0'PpH,0%pH,? (from eqn (1.29) and pO, = P.
If pH,O0 = pH, the result is:
E = RT/4F In(Ky,0°).
By substituting eqn(1.30) into this equation the result is:
E = -AG/2F
or:
.nFE = -AG. (1.31)
where n is the number of electrons transferred.

The free energy of formation of oxides (MO,) can be determined by
measuring the oxygen potential created by a mixture of the oxide and its
corresponding cation in its elemental form. With solid and liquid systems care needs
to be taken to ensure that minimal oxygen diffuses to the M-MO, mix because an
insulating oxide layer can form which will change the results (Anthony et al (1984)
and van Manen et al (1992)).

It is interesting to compare the redox potentials (derived from eqn(1.31)) as
a function of temperature for a number of oxides (Fig. 1.10). The data in Fig. 1.10
was calculated using Gibbs free energy of formation data from Barin (1989)
(tabulated in Appendix 6). The data from Barin used the convention that the ambient
pressure was 0.101MPa. Therefore the potentials shown in Fig. 1.10 are for a cell
with the species shown at an ambient pressure of 0.101MPa on one side and an

oxygen partial pressure of 0.101MPa on the other side. Also the oxidized and

reduced species must be at equal partial pressures.
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1.9) Aims and objectives

The main aim of this work was to investigate sensors for a range of oxygen-
containing gases. After reviewing the available sensor technology it was decided to
concentrate on extending the existing design of zirconia pump-gauge sensors.

Initially experiments were done to determine the current-voltage
characteristics of electrodes made of platinum, gold and silver. Single YSZ discs
with no diffusion barrier were used in O,/N, and CO/CO,/N, mixtures. This was to
provide an insight into the behaviour of complete sensors. The next objective was
to find a method for making these sensors with a gas-tight seal that had the minimum
electrochemical leakage.

Unique amperometric sensors with gauge cells and reference electrodes were
made and tested in O,/N, mixtures to confirm their satisfactory operation. The
importance of the overvoltage on the internal pumping electrode was demonstrated
at this stage. To determine which gases these sensors were capable of detecting tests
were performed in mixtures containing CO, CO,, NO and SO,. A method for
compensating for electrochemical leakage had to be developed in order to optimize

the interpretation of the results obtained. Based on this work the designs for two

sensors were proposed; one for a lean-burn sensor and the other for a multi-gas
Sensor.

Another objective was to assemble instrumentation for testing electrodes and
sensors within the Energy Technology Centre. A computer controlled
potentiostat/galvanostat with the ability to continuously perform a range of
electrochemical tests was built. To enable continuous unattended operation the

control of the furnace and the gas flow valves was integrated into the system.
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Chapter 2

Experimental equipment and methods

"The years of anxious searching in the dark, with their
intense longing, their alternations of confidence
and the final emergence into the light - only

those who have experienced it can understand it"

Albert Einstein

2.1) Manufacture of sensors and cells

2.1.1 Preparation of zirconia discs

Zirconia discs 7.8 mm in diameter and with thicknesses between 0.25 and

0.8mm were prepared by 3 methods.

a) Cutting from large presintered pellets: |
6Y-YSZ (6mole% Y,0; or 9.8wt%) and 8Y-YSZ powder from Toya Soda
was pressed into pellets at a pressure of approximately 30MPa. They were then fired

by heating at 300°C/hour to 1550°C for 2 hours and then cooled at 300°C/hour. The
8Y-YSZ had a density of 5790kg/m>. 7.8mm cores were drilled from these sintered
pellets with a hollow diamond drill. The cores were then cut into slices 0.7mm thick
with a Capco diamond saw.

The surfaces of the discs were then ground so that they were almost flat.
This was done by gluing them to a special holder, using Lakeside cement, which was
then mounted in a drill. By carefully controlling the pressure on the drill it was

possible to grind concentric rings onto the discs with silicon carbide paper. The
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concentric rings were an important feature which enabled a gas-tight seal to be
formed between two disc with a metal ring (Maskell (1992)). It was found that the
quickest way to do the polishing was to start with a coarse paper and finish with fine

(1000 grit) paper. A very short grind under low pressure was all that was required
on the coarse paper. Plenty of water was needed, particularly with the coarse paper,

to prevent the Lakeside cement from softening with the heat from the grinding.

b) Using ceramic sheet prepared by ICI:

Zirconia powder was mixed with suitable plastics and dispersing agents and
rolled into sheets of various thickness by ICI. 9.4mm discs were punched out of

these sheets with a steel punch tool. The green discs were then immediately fired
or else dried at about 60°C before grinding concentric rings with silicon carbide
paper. No water was used for the grinding and an extremely light pressure was used.
The discs (ground or unground) were then fired on a high purity alumina plate. To
minimize the buckling of the discs, the heating rate up to 400°C was kept to below
180°C/hour (usually 60°C/hour).

c) Isostatic pressing. |

Isostatic pressing has the advantage that the stress is distributed more evenly
through the pellet compared to the linear pressing technique used in method a).
Therefore higher pressures can be applied which produces pellets that can be fired
into zirconia with lower porosity and fewer flaws. It was fdund to be very difficult
to make a mould from which a well shaped pellet would emerge after pressing. The
method originally used was to put a rubber bung into the end of a short piece of
flexible rubber hose. A weighed sample of 6Y-YSZ powder was pﬁt into the tube
and another rubber bung forced into the open end. The trapped zirconia was then

pressed to 140MPa in an isostatic press. Most samples crumbled when removed
from the mould. By using softer rubber for the bungs and the tube and using
190MPa pressure, green discs were finally prepared. They were fired at 1550°C for

2 hours. None of the resulting discs were judged to be of sufficient quality for
further testing.
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2.1.2 Sintering the zirconia

The sintering program chosen for the ceramic is important. If the temperature
is too low or the time too short the ceramic does not reach full density and the
conductivity is low. If it is too hot or too long the grains become too large which
decreases the strength of the ceramic. Grain growth in TZP makes it vulnerable to
low temperature ageing or can cause spontancous transformation to the monoclinic
structure if the critical grain size is exceeded. Ageing in TZP can occur even if the
ceramic is at the critical temperature for a short period during temperature cycling

(Wen et al (1988)).

Most ceramics in this work were sintered at 1550°C for 2 hours and heating

and cooling rates were between 300 and 600°C/hour.

2.1.3 Fabricating a hole in the zirconia

Amperometric sensors required small holes to act as diffusion barriers, the
production of which presented a considerable challenge. For discs cut from fired
pellets, laser drilling was the only method considered practical (Maskell and Steele
(1988)). However, experience showed that the holes were tapered and the diameter
varied markedly between batches. It was also found to be difficult to achieve a small
hole size, although in one batch 15um diameter holes were achieved (Malpas (1992)).

With the ICI ceramic, there were several options. The easiest method found
was to drill holes in the green ceramic with micro drills with diameters of 250um or
150pm. During firing the holes shrank to 170um or 100pum respectively. With a
disc 0.8mm thick these holes would give limiting currents of about 2.5 and 0.9mA
respectively in air at about 700°C. A lower limiting current was often desired, so

other methods were investigated.

One technique tried was to place a 40um platinum wire in the holes drilled

In the green ceramic. A small drop of zirconia powder and 400 solvent (from ESL)
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was mixed into a paste which was then placed on the disc so that it flowed down
into the hole and surrounded the wire. The discs were heated to 100°C twice (to
increase the flow rate) and mor'c paste was added after each heating. The discs were
then heated to 900°C to sinter partially the zirconia and then cooled so that the
platinum wire could be removed. Some zirconia paste came away with the platinum
wire because it was not sufficiently sintered to resist this damage. A second test was
done where the discs were heated to 1000°C. Two of the three wires broke on
attempting to remove them because the zirconia had sintered too much. Therefore,
a temperature of 950°C would seem reasonable for this process but a third test was

not performed.

An attempt was made to use this last method using 7¢m carbon fibres but was

not successful. The delicate fibres would not stay in the drilled hole while the

zirconia paste was added.

2.14 Preparation of electrodes

Electrodes were prepared by three methods

a) painting on a paste or slurry with a pin.
Painting has the advantage that it wastes less material than the other methods used.
This is especially true when dealing with small numbers of discs. The other 2
methods are quicker and more accurate once set-up, but set-up time required is much

larger than for painting.

For platinum electrodes a commercial flux-less platinum paste (no. 5542 from
Electro-Science Limited (ESL)) was used. For gold and silver a paste was made by
mixing about 0.5g of the metallic powder (1.5-3um and 5-8um respectively from
Aldrich) with 400 solvent from ESL. The solvent was added slowly and the mixture
was continuously stirred (with a small metal rod in a glass bottle) until it had a
viscosity suitable for painting. It was then mixed more until there was no visible

sign of inhomogeneity.
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The pastes were then spread carefully onto the zirconia surfaces using a very
light touch with a pin. A pin was found to be much better for this than a brush. It
allé)wed more accurate control of where the paste was painted and of how thickly it
was applied. Care had to be taken to prevent the zirconia abrading the surface of the
pin and leaving unwanted iron/nickel/chromium deposits. Great care was also taken
to ensure that the paint was applied evenly. With gold 1t was also important to
insure that the paint layer was thin because thick layers peeled off due to the
mismatch in thermal expansion coefficients.

b) Sputtering

Only platinum electrodes were sputtered. A holder was made from aluminium
to enable up to 76 discs to be sputtered in the Nordiko sputtering machine in the
Department of Materials at Imperial College.

c) Screen printing

Pure platinum electrodes, using the 5542 paste, and cermet platinum
electrodes were screen printed. The cermet paste was made by mixing the 5542
paste with a the 3Y-YSZ powder (Toya Soda) and the 400 solvent. This mixture was
blended on a triple roll mill.

d) Sputtering plus screen printing

Pure platinum electrodes were prepared by first sputtering as in method b) and

then screen printing the 5542 paste as in method c).
2.1.5 The need for reference and gauge electrodes

In this work a single disc with two or three electrodes on it was called a cell.

A sensor referred to an amperometric sensor consisting of at least two discs (or cells)

sealed together with metal or glass and including a diffusion pore (see Fig. 1.4 or
1.5).

‘ A reference electrode (RE) is an electrode in the same environment as the

working electrode (WE) and/or the secondary electrode (SE) (also called counter

electrode). The difference is that essentially no current flows through the RE and so
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no overvoltage develops on it. The voltage on it therefore reflects the chemical
potential of the oxygen in the gas in which it is placed. If the uncompensated
resistance in the electrolyte can be determined by a technique such as current
interruption, the overvoltage on the WE can be calculated. 1f the RE shares the
gaseous environment of the SE and not the WE, some method is needed for
determining the chemical potential of the oxygen in the gas around the WE. The
amperometric sensors used in this work had this problem because the internai
pumping electrode was the WE (because the overvoltage on it was of particular
interest). Putting a reference electrode inside the sensor on the same electrolyte as
the pumping electrode would have reduced the area of the later. This was considered
undesirable. The RE was therefore put on the outside of the sensor next to the
external pumping electrode. The voltage between the working and reference
electrodes (Eyyg) consequently included a contribution from the difference in oxygen
potentials: ie. the Nernst potential. The solution was to put electrodes, that carried
no current, on the electrolyte with the diffusion hole in it to measure this Nernst
potential. These were called the gauge electrodes and their addition enabled the

calculation of the overvoltage on the WE.

An amperometric sensor with a reference electrode was first reported in

Copcutt and Maskell (1992) and Fig. 1.4 illustrates a cross section of such a sensor.
A five electrode pump-gauge sensor with diffusion pore was first reported by Copcutt
and Maskell (1993) and Fig. 1.5 illustrates its cross section. Fig. 2.1 1s a view of the
outside of a glass-sealed sensor facing the external pumping and reference electrodes

and illustrating their relative positions.
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Figr.' 2.1; A glass-sealed pump-gauge sensor showing the positions of the

external pumping electrode and the reference electrode.
2.1.6 Assembling an amperometric sensor

a) Metal-sealed sensors:

The jig used for testmg the sensors was built so that the sensors could be
assembled in 1t It was based upon a desrgn previously descrtbed (Benammar and
Maskell (l992b) and is drscussed further in sectton 2. 2 l A metal nng was made*
by flrst punchmg a Smm hole in a lOOum thick sheet of the same metal as the

electrodes “The metal was then cut with scissors so that a lmm wrde rmg was left
wrth a 2mmW1de tag for attaching to the connectmg wires. This nng was placed
between the two zirconia discs and the 7. 5mm OD alumma tube (see Fig. 2.3) was
used to press them together by ttghtemng the spring-loaded nut. The furnace was
then heated while applymg a voltage to the pump electrodes and monitoring the
resultant current as the temperature rose. The current decreased when the metal seal

deformed sufficiently to close the physical leaks. Seals could be formed using silver



68
foil by firing at 750°C for 1 hour under a pressure of about 100N. Gold seals
- required 1000 to 1030°C for at least 2 hours at 100N; Kaneko et al (1987) used 3

hours and Malpas (1992) used 16 hours. Platinum seals required even more severe
conditions with pressures of 250N and temperatures of 1100°C over 5 hours being

barely sufficient.

The furnace was then cooled and the sensor removed so that the external edge
of the metal seal could be covered with glass (see next section). It was found that
the glass seal was more effective if the edge of the metal was recessed below the

edge of the ceramic. This made it difficult to position the metal rings in the rig
ready for assembly. The solution was to glue the ring to the one of the ceramic discs
with a very small spot of acrylic glue. A minimum quantity of powerful glue was
used to minimize the residue it might leave after firing. The two discs were then

placed in the rig and all the components of the sensor could be easily and accurately

aligned.

b) Glass-sealed sensors:

A single attempt was made to assemble a sensor by holding two zirconia discs
- together and painting glass paste around the circumference. The sensor made this

- way gave abnormally low currents, possibly because glass diffused onto the

electrodes, and was not considered useful.

 The last two (and best) sensors tested were made by screen printing and firing
platrnum clectrodes with an extra track leading to the edge of the disc (Fig. 2.2).

Both had cermet platinum electrodes with about 67wt% Pt, but the cermets used were
not from the same batch. A ring (not ci:rcular) of glass paste (LZ1/R012 ground to
200/325 mesh from Ceramic Developments) was then screen printed onto the 6Y-
YSZ discs. The discs were then fired at 970°C and the process repeated The discs
Jthen had a double layer <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>