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Abstract

This thesis concerns the formation, sintering and humidity dependent electrical
behaviour of the spinel ceramic material nickel germanate, NiGeO.

Ni,GeO; has been prepared via the solid state reaction between NiO and GeO,
over a range of temperatures, and characterised using a number of techniques. The
sintering behaviour of pressed pellets of Ni;GeO4 has also been investigated, together
with a characterisation of the microstructure of the sintered bodies.

Substitutional doping of Ni;GeOy4 with Li as a replacement for Ni is found to
promote a high degree of shrinkage in the sintering process, probably due to the
formation of a liquid phase. XRD revealed that even when 10 % of the Ni atoms were
replaced with Li, no cﬁange in the crystal structure could be detected.

A.C. impedance spectroscopy of Ni;GeO4 samples was used to investigate the
humidity sensitivity of this material. Equivalent circuit analysis, based on a network of
resistors and constant phase elements, shows that the humidity sensitivity is due to
conduction in a surface layer of water, in agreement with the models currently popular
in the literature.

Measurement of the water adsorption isotherm of Ni;GeOy in pellet form
indicates that a single monolayer of water is formed at around 20 %Ry, with an
approximately linear increase in water layer thickness up to around 80 %Ry, after which
capillary condensation causes a large increase in the volume of adsorbed water. The
information gained on 'the thickness of this layer of water has been correlated with the
resistance of the layer ﬁeasured by impedance spectroscopy, and subsequently used to
provide evidence for @ model of the humidity sensitive conduction. The conduction in
the surface layer is thought to be due to dissociation of the water, where the amount of

dissociation is exponentially dependent on the humidity.
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1.1  Introduction

Atmospheric humidity is a property of the air we breathe that is familiar even to
a layman, due to the effects it can have on our daily lives, from the way car windows
steam-up, to the frosting-up of a fridge. Differing quantities of water vapour in the air
can cause changes in the weather, the rates at which certain metals corrode, and even
affect the human body. Humidity has to be confrolled accurately in some
manufacturing environments, and control of humidity levels is already being used in the
new generation of hqusehold goods, that can automatically cook food, or dry washing.
However, despite the need to be able to measure humidity accurately, wide spread study
of humidity sensing mechanisms is still in its infancy.

The search is on for a material or method to detect humidity: that will react
quickly; will not drift over long periods of time or by exposure to contaminants; will be
cheap to manufacture and operate; and will be accurate over the entire humidity range.
There are many sensors on the market that can fulfil two or three of these requirements,
but most exhibit long-term drift, or have a need to be re-calibrated due to the effect of
contaminants on the surface.

As well as having to solve these problems, researchers in this field have also yet
to quantitatively model the mechanisms of one of the most popular sensors, the porous
ceramic humidity sensor.

This thesis is a report on the work carried out to understand the material nickel
germanate more fully, with particular emphasis on the dependence of its impedance on
humidity.

Papers which have resulted directly from this work, and other related fields, are

included in an appendix to this thesis.



1.2 Definition of Humidity

Air is a mixture of gases in thermal equilibrium. The main constituents are

nitrogen and oxygen, making up 99%, with the remainder made up by noble gases,

carbon dioxide, and water vapour I Humidity is simply a measure of the amount of
water vapour present in the air.

Relative humidity is defined as:

R, =2 %100% (.1

H p\'
where p, is the partial pressure of the water vapour present in the atmosphere, and p, is
the equilibrium vapour pressure of water at the temperature of the measurement. Thus
if more water vapour were to be added at a certain temperature, the partial pressure of
water vapour in the air would increase, and thus the relative humidity would increase
correspondingly. Similarly since the water carrying capacity of a given volume of air
decreases with decreasing temperature, the relative humidity could be increased by
lowering the temperature of the air, and therefore lowering the equilibrium vapour
pressure. Relative humidity can take a value between 0% and 100%, where 0%
signifies completely dry air, and 100% is saturated air. Relative humidity can be
measured directly by finding the dew point (the temperature at which condensation
forms from the air), or by using one of the various types of electrical humidity sensor on

the market at the moment.

It is also possible to describe the ambient humidity level in terms of the number

density of water molecules per unit volume of air as follows:

_N kT

. . 100% (1.2)

R

where N is the number density of water molecules per unit volume of air, kg is

Boltzmann’s constant and T is the temperature.

(V8]



1.3 Humidity Sensors

A humidity sensor is a device that changes in some measurable way in response
to changes in the ambient humidity level. Most modern sensors utilise changes in the
electrical properties of certain materials, since this allows the humidity to be recorded
and displayed electronically. The original humidity sensor, the hair hygrometer,
depends for its detection mechanism upon the change in length of a piece of hair with
humidity. This is still used for limited applications, since it has the advantage of
needing no electrical power, but is very inaccurate and can only be used to indicate the
approximate hunudity.

Popular types of sensor include thin-film polymers, thin-film / thick-film
ceramics, wet / dry bulb, and chilled-mirror dew-point hygrometers. These are all
commercially available, and depending on accuracy and longevity, cost from pence to
tens of pounds per unit. Technological advancement is being pursued heavily in the
fields of polymer and ceramic sensors, and consequently new materials for sensors are
the subject of many papers each year. The aim of development is to produce sensors for
particular applications, and hopefully to produce a sensor that would be suitable for a
wide range of applications. There is also a great deal of interest in the production of
multifunctional sensors, which could sense both humidity and temperature, and even
different gases as well.

A wide variety of materials have been studied as sensing elements in humidity
sensors and used for commercial devices. The choice of a suitable material is difficult,
and should be based on materials that show good sensitivity over the required-range of
temperature and humidity, low hysteresis, and properties that are stable over time and

thermal cycling, and on exposure to the various chemicals likely to be present in the

environment 2.



The materials used in humidity sensors exploiting variations of electrical

parameters may be roughly classified into three groups: electrolytes, organic polymers,
and ceramics 3. The electrolytic humidity sensor, utilising LiCl, developed by

Dunmore in 1937, was the first electrical humidity sensor 4. At the present time, the

materials for commercially developed humidity sensors are mainly organic polymer
films and porous ceramics 5. However, all the available materials show some
limitations.

Polymer films cannot operate at high temperature and high humidity, and show
hysteresis, slow response time, long-term drift and degradation upon exposure to some
solvents or to electrical shocks, as well as requiring temperature compensation.
Nevertheless, recent developments in research on this subject have improved the
characteristics of these materials, and several polymeric capacitive sensors are
commercially successful 6-9.

Ceramics, in particular metal oxides, have shown their advantages in terms of

mechanical strength, resistance to chemical attack, and their thermal and physical

stability 10, Modification of the microstructure and the chemical composition of
ceramic materials can both optimise the performance of a sensor, and tailor it to specific
requirements 11, However, this is perhaps more of an empirical science at the moment,

than one based on solid theory.
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1.4 Other work

During the period of study devoted to this thesis, several items of work have

been published relating to the materials characterisation and humidity dependant
electrical properties of nickel germanatelz'm. Other work has also been carried out in

the field of nickel manganite thin films!5,10_ with a view to their use as temperature
sensing devices. Nickel manganite films were deposited using an electron beam
evaporation system, analysed using electron microscopy and x-ray diffraction, and their

electrical properties characterised as a function of temperature.

1.5 Summary of chapter contents

This thesis concerns investigations made into the properties of the ceramic
material nickel germanate, NiGeOs. This chapter will have provided a brief
background to the subject and the published literature. This will be continued in more
detail in chapter 2, which will provide information relating to the necessary theory
needed to understand the contents of this work. The conduction mechanisms active in
ceramic humidity sensors, the nature of gas adsorption, and previously published work
on nickel germanate will all be reviewed.

There are three results and analysis chapters: the first, chapter three, presents
results concerning the preparation and physical characterisation of Ni;GeO4 in powder
and pellet form; chapter four investigates the electrical impedance of Ni;GeOy pellets as
a function of frequency and humidity; and chapter five presents a model of the humidity

sensitive conduction active in pellets of this material based on results obtained in the

previous chapters.

The final conclusions chapter then re-summarises the main results obtained.
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2.1 Introduction

Nickel gérmanate is a material that has not been widely studied. In common
with many other ternary oxide ceramics, it has a spinel crystal structure. The present
study examines its use as a sintered ceramic compact.

This study is concerned with the fabrication of sintered pellets of monophase
nickel germanate, and the subsequent characterisation of the electrical conduction of
these pellets in the presence of water vapour.

This theory chapter will first review the current state of published literature
relating to nickel germanate, which is found to mainly describe the formation of this
spinel compound. A discussion of the nature of the spinel crystal structure is included,
followed by a brief description of the mechanisms by which ceramic structures are

formed in the sintering process.

The key elements of the Brunauer-Emmet-Teller theory of multi-layer

adsorption are included, since adsorption isotherms of gases onto surfaces has been used

in this study to characterise the surface area of the pellets, and also to investigate the
amount of water present in the pellets as a function of humidity. This is followed by a
description of the present understanding of water adsorption onto ceramic surfaces.

Finally, there will be a discussion of electrical conduction in ceramic materials

in both dry and wet conditions.



2.2 Previous studies of Ni,GeOy

Nickel germanate has been studied by a small number of researchers over the
last few decades, and a summary of their findings will follow.

The enthalpy of formation of the reaction 2NiO + GeO, — Ni;GeO, has been

measured to be -9.5 kcal/mole at 970 K12, with the Ni,GeO, forming a normal spinel
crystal structure, and the reaction being complete after 48 hours at 1090 °C. The free

energy of transformation of NiGeO, from a spinel structure into a phenacite structure is

estimated to be +23 kcal/mole3, emphasising that the spinel structure is very stable for
this compound. The distribution of cations in different coordinations in the Ni;GeOy
structure as a function of equilibrium temperature was investigated over the temperature
range 610 °C - 1400 °C, and it was found that .the structure undergoes a fully-reversible

transition from an ordered normal spinel to a disordered inverse spinel, although the

structure retains a certain degree of both types at all temperatures4.

The infrared spectrum of Ni;GeO4 has been used to investigate the distribution
of the cations over the octahedral and tetrahedral sites in the spinel crystal structure,
supporting data from x-ray investigations that suggest that Ni;GeOy has a mainly
normal spinel structure at room temperatures. More recently, the optical spectra of
Ni,GeO, has been utilised to perform a structural reinvestigation, showing that the Ni
cations occupy two different crystallographic sites, implying that Ni;GeO4 is not a
purely “normal” spinel6.

The post—spiﬂel phase of Ni;GeQy, i.e. the phase formed upon decomposition,
was investigated, and it was found that Ni;GeO4 decomposed into the two constituent

oxides, NiO and Ge0£ at loading pressures of up to 250-280 kbar and temperatures of

1400-1800 °C.

11



Ohtsuka et al. prepared solid solutions of varying compositions of NiGeOs,
7Zn,GeOy, and Mg,GeO,, and determiried their phase diagrams 7. In this study, the
colour of pure Ni,GeO, was reported to be pale yellow green. Solid solutions of
Ni,GeOy in NbMO4 (M = Al, Cr) and Ni;GeO, in NiM,O4 (M = Sn or Ti) have also
been investigated by Hirota et al.8.

An electrical study of the mixed oxide system, GexNi; <O, formed by adding
small amounts of GeO, to NiO, concluded that Ge*" ions enter the NiO lattice
substitutionally, decreasing the number of charge carriers, which in this case are holes,
and are thought to conduct via a hopping mechanism. At higher concentrations

(x> 0.1), the GeO, combined with NiO to form small amounts of spinel Ni,GeOs,

which had very little effect on the conductivity of the NiO lattice.”.

More recently, the preparation, sintering and electrical behaviour of cobalt,
nicke! and zinc germanate was investigated. Samples of NioGeO4 were formed by the
solid state reaction between NiO and GeO, at 1200 °C for 12 hours!0. A more

systematic study of the formation of Ni;GeOj from the binary oxides has been

completed as part of the present investigation1 1,12 This was essential to more

precisely determine the reaction temperature and confirm that the subsequent humidity

dependent impedance13 measurements were associated with single phase Ni;GeOs.



2.3

Spinel crystal structure

often form into a crystal lattice with the spinel structure, as shown in figure 2.1. In this

structure, the oxygen anions are arranged in a face-centred cubic lattice, with the metal

@ Oxygen

@ Qctahedral cation

Tetrahedral cation

Octahedral interstice
(32 per unit cell)

Tetrahedral interstice
(64 per unit celf)

Figure 2.1: Spinel structurel4

Metal oxides of the general formula AB,O4 where A and B are the metal cations,

cations occupying the interstitial positions. Spinel can be formed from combinations of

trivalent and divalent cations , the {3 - 2} spinels, and also from tetravalent and divalent

cations, termed {4 - 2} spinels. In this study it is the latter case we are interested in.
There are in principle two types of the spinel structure. In the “normal” spinel the A"
ions occupy the tetrahedral sites, and the B** ions occupy the octahedral sites, whereas

in the “inverse” spinel, half the B?* ions are on tetrahedral sites, and the other half on

‘octahedral sites, with the A*" jons all on octahedral sites. NiyGeOq is

thermodynamically more likely to form the normal spinel structure, however it has been

shown that at any temperature, the two forms will coexist in equilibrium4.

13



Ceramics with the spinel structure have been found to be important for a large
variety of applications, including humidity sensors!, temperature sensors1617,
ferrites!8 etc.

2.4 Sintering mechanisms

Sintering is the name given to the process by which a ceramic powder compact
is transformed into a strongly bonded body. This process almost always involves
heating the compact to high temperatures, resulting in an increase in mean grain size,
and densification of the compact.

The driving force for densification is the free-energy change that occurs as the
surface area is decreased, lowering the surface free energy by the elimination of solid-
vapour interfaces. This usually takes place with the coincidental formation of new but

lower energy solid-solid interfaces!4.

There are a number of mechanisms by which sintering may occur, can be
broadly split into four categories: sintering in the absence of a liquid phase, sintering in
the presence of a liquid phase, reactive sintering and pressure sintering. In the present

study, only the first two mechanisms are of interest.



-2.4.1 Sintering in the absence of a liquid phase

An ideal model of sintering in the absence of a liquid phase can be explained on
the basis of two spheres of identical size and composition maintained at constant

temperature, as per figure 2.2 below.

Figure 2.2: Scheme of sintering in the absence of a glass phase14

1 — mechanism of vaporisation and condensation, 2 — surface diffusion. 3 — bulk

diffusion, 4 — diffusion along the grain edges.

r, — neck curvature, x — neck radius, r — grain radius

The first stage in this type of sintering is characterised by the formation ofa
neck between two spherical particles, which. at first only just touch. A region of growth
is formed at the first point of contact, and this then grows to form a neck between the
two spheres. The mechanism of growth of this neck is dependent on the transport of
material towards the point of contact.

Evaporation-condensation can transfer material from parts of a grain with a
positive radius of curvature, to the neck between two grains, which has a negative radius
of curvature. This occ'urs because the vapour pressure above the convex particle surface

is higher than that above the concave neck. This mechanism is generally only important

15



in the initial stages of sintering, and will only dominate for very small particle sizes
where there are very small radii of curvature.

In addition, material can be transported to the neck between the grains by a
number of solid state processes in which vacancies diffuse from the point of contact into
the bulk of the particles. The vacancies migrate in the direction away from the concave
neck surface and disappear at the interface between crystals, at defects, at dislocations
or on the surface of particles and pores. The mechanism of solid phase transport will
depend on the site of vacancy annihilation, leading to surface, bulk or intergranular
diffusion, and will be described by Fick’s law of diffusion, which states that the flux of

particles or vacancies will be proportional to the concentration gradient.

2.4.2 Sintering in the presence of a liquid phase

Another important class of sintering mechanism is liquid phase sintering,
whereby one component of the powder compact melts to form a liquid phase, into
which the other components of the compact have a limited solubility. The liquid phase
may also react to a greater or lesser degree with the crystals during the firing process,
and for good sintering to occur, it is essential that the liquid phase wets the crystal
surface.

The sintering process occurs as a small amount of liquid phase is formed
between the particles, permitting approach and densiﬁcation of the particles and their
reorganisation. The magnitude of the surface tension between the liquid and solid
phases determines the shape of the liquid bridges and the magnitude of the attractive
forces between the particles. The liquid phase then transports the components of the

ceramic according to chemical potential gradients, and by capillary pressure occurring

in the intra-granular spaces.



2.5 Mechanisms of electronic conduction

In general, ceramics may conduct electric charge by a number of different
mechanisms. Cerémics can range from having superconducting properties to being
incredibly good insulators, depending on their structure and chemical composition.
Semiconductor theory is very helpful in describing the general properties of this class of
materials.

[solated atoms have an electronic energy spectrum consisting of discrete energy
levels. As atoms are brought into proximity with each other, these discrete energy
levels broaden into bands. In the case of metallic bonding, the valence band merges
with the conduction band, ensuring that there are always electrons available for
conduction. In a semiconductor, or insulator, the valence band and conduction band do
not merge, with the gap between them called the band gap, or energy gap. To provide
an electron for conduction purposes, the electron must be given sufficient energy to be
promoted across the gap to the conduction band. The number of electrons in the
conduction band in a pure semiconductor is thus dependent on the temperature of the
material, or the amount of light incident on it.

In promoting an electron in this way, a region of positive charge is left behind,
often termed a hole. Holes are important charge carriers in their own right, and move
through the crystal in the opposite direction to an electron when an electric field is
applied .

Defects in the crystal, such as impurities, provide an important source of charge
carriers by providing localised energy levels. For example, in a silicon crystal, which
contains silicon atoms with a valency of four, an atom of phosphorus with a valency of
five has an extra weakly bonded electron, which can easily be promoted into the

conduction band. In a material with a large band gap, the number of charge carriers

available is often controlled by the impurity concentration.
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The movement of electrons in complex polycrystalline oxides is often associated

with localised states in the band gaplg, with electrons moving directly between

localised states rather than via the conduction band. This localised state conduction can

take place in three different ways 19 First they may be thermally activated over the
potential barrier separating the two states. Secondly, carriers may tunnel through the
potential barrier to neighbouring states and thirdly carrier transport may take place by a
combination of activation and tunnelling. This thermally assisted tunnelling has been
dubbed “hopping”, and is an important feature of conduction in some oxide compounds.
[t has been predicted that conduction in the spinel ceramic NiyGeOj is most likely to

occur by means of hopping conduction 9.

The polycrystalline nature of ceramic materials has a significant effect on the
electronic charge transfer processes as compared to single crystal semiconductors. Asa
consequence of grain boundary scattering, mobility is reduced leading to an increase in
the resistivity value by up to several orders of magnitude, the temperature coefficient of

the resistivity is also increased, and a marked dependence of the impedance on the

frequency of measurement also results 18,



2.6 Adsorption mechanisms

2.6.1 The Brunauer-Emmett-Teller (B.E.T.) theory of muitilayer adsorption

It is well accepted that the Brunauer-Emmett-Teller (B.E.T.) theory provides an

adequate description of the adsorption isotherms of systems such as nitrogen and water

vapour onto ceramic surfaces23-25. In fact, the B.E.T. theory can be used for many
combinations of adsorbents and adsorbates, and is used to calculate the surface area of
ceramic surfaces from the adsorption of N;. The original derivation of the B.E.T. theory
may be considered as a generalisation of Langmuir’s kinetic derivation for a monolayer.
The model from which the B.E.T. equation is obtained rests on the following
assumptions:

(D) There is a fixed number of sites available for localised adsorption in the
first layer.

) Each molecule adsorbed in the first layer is considered as a possible site
for adsorptionv in the second layer; each molecule adsorbed in the second
layer is considered as a possible site for adsorption in a third layer, etc.

(3) All molecules in the second and higher layers are assumed to have the
same partition function as in the liquid state, which ié different from the
partition function of the first layer.

4 Horizontal interactions between molecules are ignored for all layers.

The following result can then be obtained (Eqn. 2.2), and is known as the B.E.T.

equation. It can be applied to adsorption isotherms to provide a value for the monolayer

capacity of the adsorbent-adsorbate system under investigation.

- x b esly (2.2)
m(l-x) myc mge



where x is the partial pressure of water vapour, m is the ratio of the weight of adsorbed

gas to the weight of the dry specimen, my is the ratio of the weight of monolayer
adsorption to the Weight of the dry specimen and c is a constant20.

2.6.2 Adsorption of water vapour onto an ionic surface

The presently accepted mechanism of adsorption of HO vapour onto a ceramic

surface is that proposed in the late sixties by E. McCafferty et al.27_ for the adsorption
of H,O vapour onto a-Fe,0Os.

Water vapour is chemically adsorbed (or chemisorbs) onto the metal oxide
surface via a dissociative mechanism to form two surface hydroxyl groups:

2H,0 H,0"+0OH (2.1)

The OH' ion attaches to a surface cation, and the H;0" ion correspondingly to an o*
ion. This first layer of water molecules is strongly bonded to the surface. Once this
layer is complete, the second layer forms by each water molecule doubly hydrogen
bonding to two surface hydroxyls (termed physisorption). The third and subsequeﬁt
layers are singly hydrogen bonded in an ordered ice-like structure, which gradually
become more and more liquid like.

The relation between the amounts of chemisorbed and physisorbed water on the

surface of metal oxides has also been discussed by T. Morimoto et al. 28

The amount of physisorbed water present in the system is dependent on the
water vapour pressure. Thus for higher levels of humidity, there will be several layers
of physisorbed water, and if the primary conduction mechanism of the ceramic/water

system occurs in the water layers, a humidity dependence will be observed.
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2.7 Mechanisms of humidity sensitive conduction

Ceramics have been studied for use in humidity sensors mainly as porous’
sintered bodies, prepared by traditional ceramic processing, in order to allow water

vapour to pass easily through the pores and water condensation in the capillary-like
pores between the grain surfaces 15 Various humidity sensing mechanisms and

operating principles have been identified 20 with conduction occurring via ionic or

electronic means. The majority of papers in this field have been published on the

subject of ionic-type sensors 15 in which conduction occurs within a thin layer of water

adsorbed on the surface of the ceramic grains. Other types of ceramic humidity sensor

are the solid-electrolyte type 21 or utilise the heterocontacts between p- and n-type

semiconducting oxides 22,

In the following sections, the present understanding of the mechanism of water

adsorption onto the surface of ceramics, and the conduction that occurs within that layer

will be summarised.
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2.8 Ionic conduction mechanisms

Many papers have been published proposing mechanisms for the electrical

conduction in humidity sensitive ceramics 29,30 and are often contradictory. The most

widely accepted is the electronic-ionic conduction mechanism, initially developed by

H. T. Sun et al 30, which is based on four precepts:

(D) Electronic and ionic types of conduction both exist in the ceramic at any

humidity, excepting when the humidity is zero.

) At low humidity levels, electronic conduction is the dominant

mechanism.

3) At high humidity levels, ionic conduction is the dominant mechanism.

4) At medium levels of humidity, there will be a mixture of electronic and

ionic conduction.

When the humidity is zero, there can be no conduction in the ceramic due to
water vapour (obviously), so all conduction must be via electronic means. Conduction
will occur in the bulk of the crystal and in the grain boundaries. At low levels of
humidity, water is mainly adsorbed to the neck parts of crystalline grains. This causes a
reduction in the potential barrier between the grains and consequently in the resistance.
At high levels of humidity, a large amount of water is chemically and physically

adsorbed onto the surface, and conduction will then occur in this surface layer according

to the method described by Anderson et al 31 and described in this report in greater
detail later.

Sun's model proposes that a porous ceramic material in contact with a humid
atmosphere can be considered to be composed of two phases. One, the solid body of the
ceramic, and the other, the adsorbed and condensed water contained within the body of
the ceramic, also known as the quasi-liquid phase. The two phases correspond to the

two different types of conduction that can occur, respectively the electronic and ionic
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mechanisms. An equation describing the humidity sensitivity can then be derived

utilising the phase law of two mixed phases 32 a5 follows:

In(Ry/ Ro) =(Ina- Ing) /(1 +b/¢) (1.3)
where Ry and Ry are the resistances at some concentration of adsorbed water ¢ (= [Ru]"
where n is the correction index) and in the absence of water adsorption respectively,

with a and b being constants.

A more detailed model is proposed by Anderson et al., describing the change in

conductivity of silica gel in the presence of humidity3 1 and most researchers in the
field believe that this provides a good description of the processes occurring on

insulating ceramic surfaces in the presence of humidityls.

Anderson describes the model for the silica surface as follows: The surface is
covered with Si-OH groups which hydrogen bond to the adsorbed water molecules.

Both the Si-OH groups and HyO molecules dissociate, providing mobile protons, the
number of which is assumed to depend on the amount of adsorbed water for two

reasons.

First, the degree of hydration of the proton bearing species will depend on the
amount of adsorbed water present on the surface. If there is no water present, only free
protons can be formed. .These protons will then migrate across the surface by hopping
from site to site. This is obviously a highly energetic process, so the charge carrier
concentration will be low, as will the conductivity. Once water molecules are

introduced to the surface, then they will hydrogen bond to the silica groups, forming a

H30™ group, by proton transfer between a silica group and a water molecule, since

formation of the H3 O™ group is energetically more favourable than of an isolated
proton. Thus it is expected that for low water concentrations, i.e. less than one mono-

layer, then H30* will be the dominant charge carrier, diffusing between adjacent water
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molecules. When more water is adsorbed onto the surface, and coverage becomes

complete, infra-red studies suggest that the HpO molecules form clusters in a hydrogen

bonded liquid-like network. The H3(‘)Jr specieé will be hydrated, and ionic conduction
will occur.

Secondly, an increased water concentration causes an increase in the localised
dielectric constant, with, in turn, a corresponding lowering of the dissociation energy,
thus promoting the creation of ionic species, and increasing the conductivity. There

appears to be little literature describing just how this lowering of the dissociation energy

by the dielectric constant takes place. Barker and Thomas 3ina paper discussing the
conductivity changes they observed in alkali-doped cellulose acetate, invoked the
Nernst-Thompson rule, which states that a solvent of high dielectric constant favours

dissociation by reducing the electrostatic attraction between ion pairs.
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2.9 Summary

The current state of the literature with respect to the properties of nickel
germanate has been examined in this chapter. Nickel germanate is found to form a
stable “normal” spinel crystal structure, and the enthalpy of formation has been
calculated. There has been only limited previous research into the electrical properties
of this material, and no previous discussion of the humidity dependent electrical
properties.

Mechanisms describing sintering and electrical conduction in ceramics have
been discussed, to provide a background to the work in the following chapters.

There have been several conduction mechanisms proposed for humidity

dependent conduction in this class of materials, and their relative merits have been

explored. These mechanisms appear to describe the processes that occur on the surface

of ceramics in the presence of water vapour fairly well, but there is a need for a more
detailed description. It is an objective of this thesis to undertake a more quantitative

analysis of these processes, with particular reference to nickel germanate.
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3.1 Introduction

This chapter describes the calcination, sintering and materials characterisation of
Ni,GeOy4. Although the ternary oxide was produced by the conventional route, i.e. the
solid state reaction of precursor oxide powders, it was still necessary to determine the
temperature range over which monophase material could be formed.

Thus a series of systematic trials were carried out in which nominally identical
mixes of precursor oxides were fired at different temperatures. The reaction products
were then analysed by x-ray powder diffraction (XRD) and Fourier transform infra-red
spectroscopy (FTIR) to determine whether or not the resulting material was monophase.
Additional information on the temperature dependent processes taking place was
obtained from differential thermal analysis (DTA) and thermo-gravimetry (TG).

Monophase Ni;GeOs, formed in the above study, was then formed into pellets
and sintered at a variety of temperatures, in order to produce a variety of
microstructures. The microstructure of the resultant pellets was investigated using a
number of techniques, including XRD to confirm that the pellets had remained
monophase, scanning electron microscopy (SEM) to measure the grain size, shrinkage
measurements of the fired pellets to provide information about the sintering mechanism
in operation and the bulk porosity of the samples, and measurement of the specific
surface area with nitrogen by the B.E.T. method, to give a description of the grain
surface available for water adsorption.

Finally, lithium has been added into the (2NiO+GeO,) precursor material as a
replacement for the Ni ions, to investigate any effect it might have on the sintering

process, with shrinkage, XRD and SEM investigations performed.
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3.2 Characterisation of calcined material

3.2.1 Preparation technique

High purity (>99.998%) powders of nickel (II) oxide and germanium (IV) oxide
(Alfa Research Chemicals Puratronic range), in the molar ratio 2:1, were intimately
mixed in a pestle and mortar to obtain a precursor material. This mixture was placed in
a high purity alumina“boat (Multilab Alsint 99,7), and calcined at varying temperatures
between 700 °C and 1400 °C in a tube furnace (Lenton Thermal Deéigns) open to the
atmosphere, for 12 hours. At each stage in the fabrication the relative quantities of
nickel germanate and left-over precursor oxides were measured by x-ray diffraction,
using a Phillips S1330 powder X-ray diffractometer operating in the Bragg-Brentano
mode, using primarily Cu Kq; radiation (A = 1.5406 A). HoWever, the analyser crystal
did not have enough resolution to reject the Ko, line completely, thus some peak
splitting can be observed on the measured spectra. To provide an internal standard, high
purity silicon powder was mixed with an equal mass of the sample. The mixture was
crushed in an agate pestle and mortar, and formed into thick films on glass slides using
acetone.

Fourier transform infra-red spectroscopy was performed using a Bruker [FS48,
on potassium bromide discs containing 1 wt.% of sample. Differential thermal analysis
and thermo—gravimetric studies were also carried out on the precursor powder at the
Department of Chemistry, Aberdeen University, using a Stanton Redcroft model STA

1000 / 1500, with the sample heated in air at a temperature ramp rate of 10 °C min ™.
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3.2.2 X-ray diffraction

The X-ray diffraction spectra of samples fired at temperatures between 700 °C
and 1400 °C in 100 °C intervals are presented in figure 3.1, over the range of angles

25°<20<46°.

GeO, Si NizGeO4 Ni,GeO, NiO NiO Ni,GeO, Si
(101} {111} {220} {311} {101} {012}{400} {220}
| P P
'i m T 1 T Pl T T
q Calcination
Temperature (°C)

(
1 .
~‘_~Jl J‘L,____.J L gy J\ 1400

I .

1300

-
[
-
|

_

1200

1100

B
.;. ] - M_J\
JL//LJLWJ{\UVM A J 1000
JLJ\\MNAL«M DY

M Mh———,_./\.__,/\uk_/\‘s__l M 800
MM JLA—JJ o
| f Pttt L I
25 30 - 35 40 45

Degrees 20

Intensity (Arb Umts)
|
o

900

50

Figure 3.1 XRD spectra of 2NiQ + GeO, —> NiyGeOa)

for various calcination temperatures




There were three phases present in the samples identified by XRD, NiO, GeO,
and Ni»GeOy. Silicon has been added as an internal standard to facilitate the use of
quantitative phase analysis, and to check the accuracy of the powder diffractometer.
The above XRD scans, in conjunction with several more scans performed at
intermediate temperatures were used to calculate the relative concentrations of the
phases as described in equation 3.1. Quantitative determination by x-ray diffraction

analysis is based on the relationship between the intensity of the diffraction line of a

given phase and the content of this phase in the sample I Quantitative determination

methods are based on the following relationship:
L. :Ki|ixi /(piZXip:J] (3.1
1

where [ is the intensity of the selected reflection of phase i, Ki is a constant, 4 is the
mass absorption coefficient in phase i, x; is the molar fraction of phase i in the sample

and g is the density of phase il

The peak height of the strongest line for each phase was compared with the

peak height of the silicon (111) line to give a phase concentration. The diffraction lines

used are noted in table 3.1.

Phase and hkl d

LC.D.D. cardno. | of strongest line (A)

NiO 012 2.088
44-1159

GeO, 101 3.430
43-1016

NiyGeOyq 311 2.479
10-0266

Si 111 3.136
27-1402

Table 3.1: Peaks used for XRD analysis

)
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Figure 3.2: _ Quantitative phase analysis of (2NiO + GeO, — Ni;GeOs)

over the temperature range 700 °C to 1400 °C.

The quantitative phase analysis results are shown in figure 3.2. The
concentration of the precursors, NiO and GeO,, decreased rapidly from 950 °C, as
crystalline Ni;GeO4 was produced. Production of Ni;GeO increased rapidly with
temperature above 950 °C, and from 1150 °C to 1300 °C monophase material was
produced, as shown by the lack of any other detectable phases in the matrix. As the
temperature was increased above 1350 °C, NiO became detectable in small
concentrations, suggesting a decomposition reaction of Ni;GeO4 to NiO and GeOs, with
the GeO, evaporating away from the matrix to leave a residue of NiO, in agreement

with the results of Lui 2

Cell constant refinement has been performed by “Cohen’s least squares method”
8,9 on the XRD data from the sample calcined at 1200 °C for 12 hours. The lattice

constant was found to be a = (8.2207 + 0.009) A, which agrees well with the published

value ofa=8221 A 3.
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3.2.3 Infra-red spectrography

The XRD resuits were confirmed by FTIR analysis of the powders, as shown in

figure 3.3. The infra-red transmittance spectra of the calcined samples were recorded
over the range of wavenumbers from v = 400 em’' to v =4000 cm’, for samples
identical to those investigated in the XRD study.

There were two main features in the trace corresponding to the unfired precursor
powder mixture (2NiO + GeO,), determined by analysing the constituent powders
separately; a strong absorption at v = ~ 880 cm’ due to GeO,, and a wide absorption
band between v = ~ 600 cm™ and v = ~ 400 cm™, of which GeO; is responsible for
absorption between v = ~ 600 em™ and v = ~ 500 cm’, and NiO is responsible for

absorption between v = ~ 500 cm’' and v =~ 400 cm™'. These bands were found to

correspond to values previously published4. The trace corresponding to monophase

Ni;GeOy (T = 1200 °C) shows two strong absorptions, one at v =670 cm’', and another

at v = ~ 440 cm’', also corresponding to previously published spectras. However, for
the purposes of this analysis, only the absorption at v = ~ 670 cm’ was considered,
since it did not correspond to any absorptions of the precursor mixture.

The FTIR traces produced by the samples caicined at 700 °C and 800 °C were
essentially identical to that produced by the precursor material, showing that no
conversion into the desired product had taken place. However, at 900 °C, there was a
clearly visible absorption feature at v =~ 670 cm’', which was indicative of Ni;GeO4
formation. As the temperature was h_lcreased, the 670 cm’™" absorption became
progressively stronger, and the 880 cm’' absorption became_ correspondingly weaker, as
the GeO, reacted with NiO to form Ni,GeOjy. There were ﬁo signs of the absorptions
due to GeO, or NiO, in the FTIR spectra of material fired at 1200°C, further confirming

that this material was single phase. This spectrum compares very well in shape with
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that published before for this compound 3. The spectrum from the sample fired at
1400 °C showed some change of shape, compared with the samples fired at 1200 °C
and 1300 °C, at v ~ 500 cm™’, corresponding to the production of NiO, as shown by

XRD.
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3 2.4 Differential thermal analysis and thermogravimetric analysis

Differential thermal analysis (DTA) and thermogravimetric-analysis were
performed on a powder sample of the mixture (2NiO + GeO,) over the range of
temperature from room temperature to 1300 °C, at the Department of Chemistry,
Aberdeen University. The DTA results are shown in figure 3.4 below, and the TG

results are shown in figure 3.5.
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Figure 3.4.  Differential thermal analysis of the reaction (2NiO.+ GeO, — Ni,GeO4)

The differential thermogram shows several features which help in the
understanding of the calcination process. Peaks on this graph are a consequence of
endothermic or exothermic reactions in the sample. In this case, only endothermic
peaks have been recorded. There is a broad peak at ~ 200 °C, corresponding to the loss
of water from the sample. The large hump over the temperature range from ~ 600 °C
to ~ 1200 °C is indicative of the solid state reaction between the powder grains,. whilst

the sharp peak at 1110 °C corresponds to the melting point of GeO,, which is recorded

in the literature as (1115 £ 4) °C 6. The top of the broad peak at ~ 900 °C corresponds

to the increase in production of Ni;GeO4 as shown by XRD in figure 3.2.
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Figure 3.5 Thermogravimetric analysis of the reaction (2NiO + GeO, — NiyGeOa)

The thermogravimetric (TG) analysis shows that there is mass loss from the
sample from 100 °C up to ~ 700 °C, most probably due to the progressive loss of
surface species such as adsorbed water, hydroxyl ions, and other gaseous species such
as oxygen. There is little mass change between ~ 700 °C and ~ 1100 °C, whereupon the
mass decreases rapidly. This corresponds to the melting point of GeO,, and the
increased mass loss was most probably caused by the evaporation, or sublimation of
GeOs.

This thermal analysis suggests that a number of reactions occur between the
grains of NiO and GeOa. There are solid state diffusive reactions occurring from
~ 700 °C as shown by the broad pegk on the DTA in figure 3,4, there is a liquid phase
of GeO, formed at 1110 °C and the mass loss at high temperatures on the TG graph
which implies that evaporation is taking place. The latter would also suggest that an

evaporation-condensation mechanism could be significant in the sintering behaviour of

the material.



3.3 Characterisation of sintered material

3.3.1 Preparation technique

Samples of nickel germanate powder, previously calcined at 1200 °C, were

carefully crushed in a pestle and mortar. Pellets were formed by pressing (0.500 £

0.005)g of this crushed powder in a 13mm diameter Specac die, using a force of 20kN,

for a time period of (30 + 5)s. The green bodies thus formed were placed in a high
purity alumina crucible (Alsint 99.7), and fired in a Lenton Thermal Designs tube
furnace, fitted with a high purity alumina tube (Alsint 99.7), and controlled by a

Eurotherm 818P programmable temperature controller.

Samples were fired at temperatures between 1000 °C and 1400 °C for periods of

12 hours, with a temperature ramp rate of 10 °C min™.
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Figure 3.7 Pellet firing temperature profile

The resulting pellets were first measured using a micrometer to check for
shrinkage during sintering. X-ray powder diffraction (Phillips PW1051) was used to
investigate the phases present, and to measure the lattice cell constant. Scanning
electron microscopy (JEOL JSM 848) was used to observe the microstructure, and
provided a means of measuring the grain size distribution. Elemental analysis was

performed in conjunction with the SEM work, using a LINK Systems EDAX facility.
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" The specific surface areas were measured with nitrogen adsorption isotherms by the
- B.E.T. method, at Coulter Electronics Ltd. |

Finally, the addition of lithium as a replacement for nickel ions in the Ni;GeO4
was investigated as a sintering aid. Li;CO3 was added to a mixture of NiO and GeO, at
the initial powder preparation stage, fired at 1100 °C, crushed, tﬁen refired at 1200 °C.
XRD, SEM, EDAX and shrinkage measurements were performed as per the previous
study.

3.3.2 X-ray powder diffraction

The results of the X-ray powder diffraction experiments performed on crushed

specimens of the sintered pellets are shown in figure 3.8 below.
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Figure 3.8:  XRD spectra of sintered pellets of Ni,GeO4
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The XRD spectra shown in figure 3.8 show that at every temperature between
1000 °C and 1400 °C, the only phase observed was spinel Ni;GeO,. It was expected
that at the higher temperatures, NiO would be formed as a separate phase, as seen in the
powder calcination study (see fig. 3.1), where at temperatures over 1350 °C, a
decomposition of Ni;GeO, to NiO and GeO; occurred, with subsequent ioss of GeOs,
presumably by evaporation. However, in the case of sintered pellets, loss of GeO,

would be limited by its subsequent condensation at other points within the green body.

It has been proposed 7. that upon cooling from temperatures above 1100 °C,
NipGeO4 with the normal spinel arrangement will undergo a phase change into the
inverse spinel structure, as the NiZ* ions on the octahedral sites exchange positions with
a proportion of the Ge" lons on the tetrahedral sites. This rearrangement could be

important to the surface chemistry of the ceramic. In an attempt to categorise this, cell

constant refinement has been performed by “Cohen’s least squares method” 8,9, The

cell constants for the XRD spectra shown in fig. 3.8 are shown in table 3.2 below.

Sintering Temperature Cubic cell constant, a

(°C) (A)

1000 8.2205+0.0010
1100 8.2232+0.0026
1200 8.2216+0.0010
1300 : 8.2213+0.0010
1350 8.2185+0.0028
1400 8.2205+0.0012

Table 3.2: Cell constants of sintered pellets of Ni,GeOy

The cell constants calculated, as shown in table 3.2, all compare to within the
margin of experimental error with the value given by the .C.D.D. card no. 10-0266, of
a=8.221 A. The experimental data are not reliable enough to measure any cell constant

changes with temperature in this case.
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A means of detecting any changes of “normality” of the spinel structure is to
measure the ratio Isy/laso, the ratio of the intensities of the 220 peak and the 440 peak
respectively 7. According to Datta 7 a change in I/I440 from 0.9 to 0.7 represents a
change in normality from 100 % normality to around 50 % normality, and this change
should occur as a smooth function of temperature. However, in our data it was found

that the values of Iyye/la10 were randomly distributed with temperature, as shown in

figure 3.9. Datta’ does not state the experimental conditions exactly, and it is most
probable that the temperature of the fired powder must be quenched more quickly to be

able to observe this effect.

l220 /1440
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Figure 3.9: Ratio of the (220) and (440) peaks as a

function of sintering temperature for sintered Ni;GeO4

3.3.3 Shrinkage and bulk porosity

The diameter of the sintered pellets was measured once they cooled to room
temperature, and the data used to calculate the lateral shrinkage of the pellets during the
sintering process. The masses of the pellets, and their thicknesses were also measured,
to allow calculation of their density. This in turn was used to calculate the total porosity
of the sintered body bi/ comparison with the theoretical density of a single crystal of

Ni;GeO, as found on 1.C.D.D. card 10-0266. The shrinkage versus temperature data are

shown in figure 3.10.
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Sintering Lateral shrinkage Density Total porosity

Temperature (°C) Ally (%) (kgm™) %

1000 0.510.2 3200 52

1100 1.3£0.2 3290 . 51

1200 2.3+0.2 3370 50

1300 4.0+0.2 3469 48

1400 50402 3547 47

Table 3.3: Shrinkage. density and total porosity of sintered Ni;GeOa

| As can be seen in figure 3.10 and table 3.3 above, the shrinkage of the pellets,
and thus the density, increased smoothly with temperature. Importantly, no sudden
increase in shrinkage was observed at the melting point temperature of GeO,
(~1110 °C),»indicating that either there was no GeO, present (e.g. from decomposition)
or that it did not promote any liquid phase sintering. The latter is unlikely since GeO; is
known to act as a sintering aid. It is most probable that sintering of the calcined
material occurred mainly by a solid-state diffusion process up to temperatures of
~ 1350 °C. Above this temperafure, it is possible that an evaporation condensation
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mechanism could come into play, due to the decomposition of Ni;GeO4 producing gas- |
phase GeQ,, which could subsequently recombine with NiO at other points in the
matrix. This mechanism would give an expansion, which in competition with the solid-
state diffusion process, might explain the lack of increase of shrinkage at high
temperature.

This material has proved to-be difficult to sinter to a dense body, as the reader
will note from the large values of residual porosity in table 3.3. Some attempt was

made to investigate possible sintering aids, as will be noted in the section 3.4.

3.3.4 Scanning electron microscopy and EDAX

Scanning electron microscopy was performed on pellet samples of NixGeOq
ﬁréd at temperatures between 1000 °C and 1400 °C, using a JEOL JSM848 SEM.
Elemental analysis was performed using a Cambridge S600 SEM fitted with a LINK
Systems EDAX Energy dispersive X-ray analyser. The samples were found to be
highly insulating, and were thus coated in gold to facilitate high magnification imaging
without the problem of sample charging.

Micrographs corresponding to the samples fired at 1000 °C, 1200 °C, 1300 °C,
1350 °C and 1460 °C are shown belo-w in figures 3.11a to 3.11e respectively.

This sequence of micrographs indicate that there is an obvious progression of
sintering completeness with increasing sintering temperature. The sample fired at
1000 °C (fig. 3.11a) has a very open microstructure, with little interconnection between
the grains, and irregularly shaped grains. Once the temperature had reached 1200 °C,
the grains became larger on average, were better connected and were more uniform in
shape. The trend to better grain connection was followed with the samples sintered at
1300 °C, 1350 °C and 1400 °C. The sample sintered at 1400 °C showed a
comparatively good degree of grain-grain interconnection and much more uniform

particle shapes.
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Fioure 3.11e: Interior surface of Ni;GeO, pellet fired at 1400 °C

These micrographs were analysed by the line-intercept method to measure their
grain size distributions, as shown in figures 3.12a to 3.12d below. The distributions

have been fitted with a modified gamma distribution.
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Ficure 3.12a._Grain size distribution for Ni;GeO, sintered at 1000 °C
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The grain size distribution became more biased towards larger grains as the
temperature of sintering was increased. Surprisingly, sintering at 1000 °C produced a
smoother grain size distribution than the other temperatures. The fitted line shown on
the above graphs is the modified gamma distribution, given by equation 3.2, and which

is commonly used to fit particle size distributions!0.

N(r) = ar® exp(-br") (3.2)
where a is a scaling constant, r is the diameter of the particles, a and y are constant.
These constants can then be combined to give an expression for the mode diameter of

the distribution, as per equation 3.3.

b= O (3.3)

The above equation (eqn. 3.3) has been used to extract a mode diameter for each

of the distributions shown in figure 3.12, and these are shown in table 3.4 below.

Sintering Mode grain diameter
temperature (pm)

(°C)

1000 0.36
1200 0.41
1300 0.43
1400 0.45

Table 3.4: Mean grain diameters from sintering study

As can be seen from table 3.4, the mode grain diameter shows a gradual increase
. with temperature, indicating that there is an increase in grain growth with temperature,
as would be expected. The amount of growth is very small however, and indicates that

a sintering aid would be necessary to achieve full sintering.
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EDAX spectra were obtained for each temperature of sintering, from the exterior
(as-fired) surface, interior (broken) surface, and from individual grains. There were no
other features visible in the microscope from which to take spectra. Due to the small
size of features (mean grain size ~ 0.5 um, see table 3.4), and an excitation voltage of
25 kV, there was no possibility of resolving compositional differences within the grains

themselves, as the generation volume for the X-rays was of the order of 1 gm.
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Figure 3.13a. EDAX spectra of Ni;GeQj sintered at 1000 °C
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Figure 3.13c.EDAX spectra of Ni,GeQ, sintered at 1300 °C
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Figure 3.13d: EDAX spectra of NiGeO, sintered at 1400 °C

The EDAX spectra given in figure 3.13(a-d) show that there was no difference
in elemental composition between the exterior and internal surfaces for all temperatures
of firing, as the area of the Ni and Ge peaks shown does not vary. For each sample, a
number of single grains selected at random from the interior of the pellet were also
analysed, with the typical grain composition shown in the above spectra. The
composition of the grains was not observed to vary with temperature, the same

measured composition as the bulk of the material.

3.3.5 Surface area by nitrogen adsorption

The specific surface area of the samples fired at 1200 °C, 1300 °C, and 1400 °C
were ;measured using nitrogen adsorption isotherms, on a Coulter SA3100 surface area
analyser, by R.C. Bunker at Coulter Electronics Ltd. The samples were first degassed
under vacuum at 300 °C for 10 hours, before any adsorption isotherms were performed.

The adsorption isotherms are shown in figures 3.14 (a-c) below.
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These isotherms have been analysed using the Brunauer-Emmett-Teller (B.E.T.)

theory for multilayer adsorption on a solid 11,12 o determine the surface area (see
section 2.7.1). The B.E.T. surface areas are given in table 3.5 and show that the pellets
have a large internal surface area, which decreases with increasing sintering
temperature. A decrease in surface area is consistent with expectation, given that the

density of the pellets increased with temperature (see table 3.3). A further application

of this technique is to measure the pore-size distribution of porous materials in the range

of pore diameters, 2 — 200 nm. An attempt was made to measure this distribution for

these samples, but it was found that no significant number of pores existed in that range

Sintering temperature | B.E.T. Surface area
.1 200 1.132
1300 0.942
1400 0.780

Table 3.5: B.E.T. analysis of N, Adsorption isotherms for Ni,GeO4 pellets
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34 Li—dobing study

A series of trials were undertaken to investigate the effect lithium might have on
the sintering process, that is to see whether it was useful as a sintering aid for the
Ni,GeOy system, as it is well known that Li will substitute Ni in the NiO lattice 13. A
precursor powder was made up from NiO, GeO, and Li,CO3, according to the formula
shown in equation 3.4. The amount of lithium carbonate in the precursor is calculated
to allow substitution replacement of between 0.1 % and 10 % of the Ni atoms in the

lattice with Li. The resultant pellets were fired for 12 hours at 1200 °C in air.
xLi,CO; + 2(1 - x)NiO + GeO, +§O2 = Li, Ni,,,,Ge0, +xCO, (3.4)

Shrinkage measurements were performed on the pellets, and results are shown in
figure 3.15 and showed that the shrinkage was strongly dependent on the amount of Li
substituted for Ni. There are two regions apparent in the shrinkage graph; there is an
initial increase in shrinkage up to 0.06, which remains constant upon further addition of
lithium up to 1.5 at.% Li, followed by a sharp decrease in shrinkage to ~ 0.01,

whereupon the sl(l)ri{l%%ige increases logarithmically with the addition of Li.
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Figure 3.15: Dependence of shrinkage of Ni;GeO4 on substitutional lithium doping
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It was also noted that addition of more than 0.1 at.% Li resulted in the colour of
the pellets changing from a very light green, as in the case of pure NiyGeOs,, to a much
darker green. Visible light spectroscopy was performed on the samples to investigate
the nature of the colour change, and it was found that the colour remained the same, but
that the absorption coefficient increased with an increase in lithium doping
concentration.

X-ray powder diffraction was then performed on these samples to investigate the
nature of the phases formed, as it might be expected from the shrinkage graph that

another phase had been formed.
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Ficure 3.16: _ XRD spectra of Ni,GeO, with lithium-for-nickel substitutional doping
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Figure 3.16 above shows that there was no extra phase formed at high
concentrations of lithium doping. There were however, traces of an unidentifiable extra
phase formed at 2 % lithium doping (as shown by the arrows), but this did not appear in
any of the other concentrations investigated.

Scanning electron micrographs were taken using a JEOL JSM848 SEM at an
excitation voltage of 25 kV and a variety of magnifications, as shown in figure 3.18

below.

Fi,qurc 3.18(b): 1 at.% lithium
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Figure 3.18(1): 10 at.% lithium

The micrographs clearly show a progression of densification and grain
growth with the addition of lithium. Even the addition of small amounts, i.e. 0.5 at. %
(fig 3.18a), leads to much improved grain growth and densification as compared to pure
Ni,GeOy fired at 1200 °C (fig.3.11b). The microstructure shows features of two size
ranges, large agglomerations of grains, as seen in the left-hand frames, and the grains of
which they are formed, seen in the right-hand frames. As the émount of lithium doping
is increased, both types of feature increase in size.

Corresponding EDAX spectra were obtained to investigate the possibility of
glassy phases or enrichment of either Ni or Ge at certain points in the structure,
however, no evidence for this could be found. Due to the nature of the EDAX
equipment, lithium is not detectable, as its characteristic X-rays cannot penetrate the
EDAX detector window. However, an excess of lithium in any part of the
microstructure should lead to a deficiency in the concentration of nickel or germanium
at that point, and this was not found anywhere, suggesting that the lithium ions are
distributed evenly throughout the fired samples.

The aforementioned visible darkening of lithium doped samples suggests that a
chemical change has occurred within the samples. Since there is no evidence for the

formation of a new crystal structure, the most probable explanation is that the lithium
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ion have become incorporated into the nickel germanate lattice, causing some nickel

ions to change their valence and produce absorption sites.
It is well known that lithium ions can substitute nickel ions in the NiO lattice,

resulting in the formation of Ni** content equivalent to the amount of lithium added,

thus retaining charge neutralityl 3. The similar ionic radii of lithium and nickel ions

(table 3.6) and the stable valence of lithium assure the stability of the structure. In the
case of lithium carbonate additions to NiO, the reaction can be represented as per

equation 3.5.
X, . X g2t 34 X
EleCO3 +(1—x)N10+ZO2 = (L1 N, Nij )O+5CO2 (3.5)

Thus the incorporation of lithium into nickel germanate is most likely to take

place according to the following reaction:
xLi,CO, +2(1 - x)NiO + GeO, + -:—OZ = Li;, Nif;_4x)Ni§:GeO4 +xCO, (3.6)

The above equation (3.6), shows that charge neutrality in the lithium-nickel
germanate system can maintained by the formation of Ni*" ions. Again, the similar

ionic radii of lithium and nickel will help ensure that a stable structure is formed.

lon Ionic radius (pm)
Li’ 74
Ni** 69

~

Table 3.6: Ionic radii of lithium and nickel 13
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3.4 Conclusion

Nickel germanate has been formed by the solid state reaction between Nid and
GeO; mixed in the respective molar ratio 2:1. X-ray powder diffraction and infra-red
spectroscopy were used to investigate the temperature of formation of Ni;GeQ,, and it
was found that monophase material may be formed by firing the NiO+GeO, precursor
material for 12 hours in air in the temperature range, 1150 °C to 1300 °C.
Decomposition of Ni;GeOy into NiO and GeO,, with possible subsequent evaporation
of the GeO,, was observed at temperatures over 1350 °C. Differential thermal analysis
and thermo-gravimetric analysis results indicated that the reaction began at around
900 °C, and that it was endothermic in nature.

The study of sintering regimes showed that it was possible to modify the
microstructure of the material by firing at different temperatures, and that as the
temperature of firing was increased, the surface area of the pellets decreased, from
1.132 m’g” for samples fired at 1200 °C, to 0.780 m’g™" for samples fired at 1400 °C.
Pure Ni,GeO, was found to be difficult to sinter fully in air with no additives, forming
grains with a mean diameter of ~ 0.5 zm.

Addition of lithium ions as a substitutional replacement for nickel ions was
found to have a large impact on the sintering process, dramatically increasing the lateral
shrinkage of the pellets during the sintering process, and allowing the growth of much

larger grains.
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4 Complex impedance analysis of N1,GeO,
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4.1 Introduction

The same samples as were characterised in the previous chapter have been
investigated using AC impedance spectroscopy over a range of humidities, with a view
to developing an equivalent circuit model of the sensing material. There will also be
some discussion of water adsorption onto the surface of NiGeOy, as this has obvious
fundamental implications for the development of any model relating the properties of
Ni1,GeO4 to humidity.

Information gained from the impedance analysis will allow the construction of a
detailed picture of the carrier transport processes involved in humidity sensitive
conduction.

4.1.1 Intrinsic dielectric properties of materials

A simple paralle] plate capacitor has the well-known definition given below:

C =20 (4.1)

where g, is the free-space permittivity, ¢, is the relative permittivity of the material
contained between the plates of the capacitor, A is the area of the plates, and d is the

distance between them.
The relative permittivity, or relative dielectric constant, arises since real
materials contain charges that can be displaced by electric fields in which they are

situated, thus neutralising a part of the field. This displacement of charge is known as
polarisation P, which follows the general relation with the field E I
P =¢,xE + higher termsin E 4.2)

where 7 is the susceptibility of the (non-magnetic) material:

X:gr—lz (4.3)

P
g,E
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The susceptibility is the ratio of the bound-charge density to the free-charge
density. In the limit of low fields, the dielectric response of a material is related to the
field in a linear manner, and so the higher terms of the field can be neglected in eqn. 4.3.

The polarisation is defined as the dipole moment per unit volume of material:

P=Nu (4.4)
where N is the number of dipoles per unit volume, and p is the average dipole moment

The average moment of a particular dipole is proportional to the local electric
field E’ acting on it:

K=ok’ (4.5)

The proportionality factor, a, the polarisability, is a measure of the average
dipole moment per unit of local field strength. Thus the polarisation can then be written
as:

P = NaE' (4.6)

There are various possible mechanisms for polarisation in a dielectric material2.
One process common to all materials is electron polarisation, in which an electric field
causes a shift of the electron cloud of an atom relative to the nucleus.

A second mechanism is the displacement of positive and negative ions in
relation to each other, known as ionic polarisation.

A third kind of polarisation is associated with the presence of permanent electric
dipoles, such as the dipole on a water molecule. The permanent dipoles will align with
an applied field, giving rise to an orientation polarisation. This polarisation will be
inversely proportional to the temperature, since the thermal motion of the molecules

will randomise the average moment in a given volume. It can be shown that the
polarisation is given by3:
Np, E

p=—=0— 47
3KT @7
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where k is Boltzmann’s constant, E is the field strength, py is the permanent dipole
moment on the molecule, and T is the absolute temperature.

A final source of polarisation is space charge polarisation. Space charge
polarisation occurs when the applied field separates mobile charges, which are present
in the sample, from each other. The separation of the charges may be increased if the

sample contains barriers to the flow of charge, such as blocking electrodes, or if the

charges have a low mobility such as in the case of hopping charge carriers!.

The total polarisability of a particular material or system can be represented as

the sum of these:

a=0o,+a, +o, +a, (4.8)
where a. is the electronic, a; the ionic, o, the orientation, and o, the space charge

polarisability 2,

4.1.2 Geometric influences on measured impedance

From the discussion in the previous section, it can be seen that there can be
many contributions to the dielectric properties of a system, if it contains more than one
type of dipole. In the case of a ceramic humidity sensor, dipoles can arise from the
ionic nature of the ceramic, from the free water molecules, from the bound, or
chemisorbed, water molecules adsorbed on the surface of the ceramic, and from the
polarisation created at the electrodes, where charged double layers occur.

The ceramic and free water will create a dielectric response that is dependent on
both fhe amount, and intrinsic dielectric properties, of the material between the
electrodes. However,.a large part of the total observed dielectric response will be due to
the charged double layer covering the electrode, for which the geometry is ill-defined.

A double-layer is the interface between the metal electrode and the liquid water
with which it has contact. Surface charge, created by accumulation of electrons at the
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metal surface, causes the water molecules to solvate the electrode, and due to the dipole
in the water molecule, the molecules become oriented. The water molecules sit in a
structure known as the Inner and Outer Helmholtz planes, as shown in figure 4.1 below.
The separation of charge across the interface causes a potential, and if the dielectric
properties of the entire system in which the double layer is situated are being measured,

then this separation of charge will influence the measurement. The double layer is often

modelled as a capacitor.

Figure 4.1: The double laver interface showing the inner (IHP) and outer

(OHP) Helmholtz planes
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4.1.3 Impedance Spectroscopy

Impedance spectroscopy is the measurement of complex AC impedance over a
range of frequencies. There is now a large body of literature covering various aspects of
this subject under its different guises of impedance spectroscopy, dielectric response
and dielectric relaxation, amongst others.

Any intrinsic property that influences the conductivity of an electrode-rﬁaterials
system can in principle be studied by impedance spectroscopy 4. The parameters
derived from an impedance spectrum fall generally into two categories: (a) those
pertinent only to the material itself, such as conductivity, dielectric constant, mobilities
of charges, equilibrium concentrations of the charged species and bulk generation-
recombination rates; and (b) those pertinent to an electrode-material interface, such as
adsorption-reaction rate constants, capacitance of the interface region, and diffusion
coefficient of neutral species in the electrode itself.

The basic impedance spectroscopy experiment usually consists of making

electrical measurements on a cell having two identical electrodes applied to the faces of
a sample in the from of a circular cylinder or rectangular parallelepiped 4,

A monochromatic signal v(f) = V,sin(ax) is applied to the cell and the resulting
steady state current i(¢) = Iysin(wr + 6) is measured. The phase difference between the
applied voltage and the measured current, 6, is zero for purely resistive behaviour, and
will have a non-zero value for any cell containing non-compensating capacitive and

inductive elements.

The conventional ﬁnpedance can then be defined:

’ Zo)= % (4.9)

where it can be seen that impedance is a complex quantity, with a modulus:
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Vm

(4.10)

ZOF

and a phase angle of 4 ).
The data obtained from such an experiment over a range of frequencies can thus

be plotted usefully in an Argand diagram of real versus imaginary impedance.

4.1.4 Modelling using equivalent circuits

In the main, analysis of impedance spectroscopy data, centres around finding an

equivalent circuit, consisting of R, C and L, or more exotic types of lumped or

distributed elements such as Warburg elements 4, which for specific values of R, C and
L, fit the measured data. The choice of each element in any equivalent circuit must
have a sound physical basis for the analysis to have a base in reality.

It is possible to find many different circuits which can be made to fit a particular
set of impedance data, however, a circuit with the correct physical basis will fit a whole
set of data taken over a range of conditions, such as temperature or humidity. The
values then found from fitting the model to the data can be used to probe more deeply
into the electrical behaviour of the sample.

Discussion of equivalent circuits for ceramic humidity sensors in the literature is

fairly limited. The most popular is the combination of two parallel R-CPE networks in
series, as proposed by Yeh et al 5,6, as shown in figure 4.2, which is closely related to a
simple mode] of two parallel RC networks in series proposed by Morimoto et al 7. This

model has been adopted by others in the field, such as Gusmano et al 8. In this model,
the specimen is separated into three regions: crystal grain, grain surface and electrode
surface, where Rq, Rgs, Cgan, Re and Ce, represent the crystal grain resistance, grain

surface resistance and “non-Debye” capacitance, and electrode surface resistance and
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“non-Debye” capacitance respectively 5. The electrode capacitance is more commonly

known as the double layer capacitance.

k as Re
Rg
A\ A\
/ ./ //."f
Cgsn en
grain electrode
surface surface

Figure 4.2: Equivalent circuit model of a ceramic humidity sensor as

proposed by Yeh 5

Lacquet and Swart 9 model the humidit.y dependent frequency response of
porous aluminium oxide using a ladder network of resistors and capacitors. Additional
combinations of resistors and capacitors are necessary to allow the model to cope with
increases in humidity. This approach is very limited; i.e. the model can only cope with
specific values of humidity, suggesting that it is not the correct method to model a

variant phenomenon.

Sadaoka et al 10used a parallel combination of a resistor and capacitor in series
with a second capacitor to model the impedance results gaihéd from a KH,PO,4 doped
(Pb, La)(Zr, Ti)O; ceramic. Changes in activation energy within the context of a
hopping model were used to explain the conductivity variation with hunﬁdity of the
water film covering the ceramic surface, although it was unclear why changes in

humidity would result in these changes in activation energy.
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4.2 Experimental techniques

Planar gold contacts were applied to the flat faces of selected pellet samples of
Ni,GeO4 (as analysed in section 3.3 of this thesis) in an argon plasma. Wires were
attached to the Au contacts using silver DAG, for external connection to

instrumentation.

Ac impedance spectroscopy was performed using a Solartron 1260 frequency
response analyser (FRA) interfaced to the sample through a Solartron 1296 dielectric
interface. The Solartron 1260 provides signal generation over the frequency range
10 pHz to 32 MHz, with an input impedance of 1 MQ. Due to the very high
impedances of some of the samples, the Solartron 1296 was used as a buffer between

the sample and the 1260 FRA, as it may be used to measure impedances of up to 10°

Q. Measurements were performed over the range of frequencies, 10 mHz up to 10 MHz

as a function of humidity. For these measurements, the sample was placed in a Hereaus

environmental control chamber, with humidity measurement by a dew-point chilled

mirror system. Measurements were taken over the humidity range 20 % Ry to 98 % Ry,

at a constant temperature of 25 °C.
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4.3 AC impedance spectroscopy

4.3.1 Variation of |Z] with frequency and humidity for various

microstructures

The impedance modulus was measured as a function of frequency and humidity

for pellet samples fired at 1200 °C, 1300 °C and 1400 °C, as shown in figures 4.3 (a-c).

Figure 4.3(b) also shows a characteristic taken at 0 % Ry, in a pure nitrogen atmosphere.

These pellets all had similar dimensions, of approximately

mm in thickness, with some variation between the samples due to sintering shrinkage,

as noted in section 3.3.3 of this thesis.
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- The graphs in figures 4.3(a-c) show that the impedance of the sample varied by
several decades with humidity for the majority of the chosen frequency range, with the
sensitivity of the response decaying at higher frequencies. The shape of the curves is
perhaps best explained with reference to the characteristic in figure 4.3(b).

The variation of the magnitude of impedance (|Z]) vs. frequency (f) in figure
4.3(b) shows three main féatures. These have been designated into regions A, B and C.
Region A shows a high frequency fall-off of |Z| as /!, which is due to capacitive
effects within the system from cables, physical geometry of the contacts, and the input
capacitance of the measurement equipment. Secondly in region B, |Z| varies very
slowly with f, indicating that resistive-type behaviour is more dominant. Finally, in
region C, there is an increase in impedance towards low frequencies, due to capacitive-
type effects at the electrodes, which is only observed at high values of humidity for the
frequency range employed.

In region B, |Z| is observed to decrease with increasing humidity. At a constant

measurement frequency of 100 Hz, |Z] varies from ~10% Q at 20 %Ry to ~10* Q at

98 %Ry. This type of behaviour is widely reported in similar ceramic systems1 1-14,

The flat part of the response is strongly dependent on humidity, and dominates
the characteristics. As can be seen, when the sample was placed in a pure nitrogen
atmosphere, the impedance of this part of the characteristic became very high, showing
that there was hardly any conduction in the bulk of the material without the presence of
humidity.

At low frequencies, the curve once again displays a trend towards inverse
dependence on frequency, particularly at high humidities, characteristic of a charge
transfer process, as ch’arge is transferred from the gold electrodes to the water in a thin
interfacial layer formed on the electrodes. The complex plane plots of the complex

impedance, figure 4.4, discussed later, further confirm this explanation.
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As the sequence of firing temperatures is followed through, fig. 4.3(a) to

- fig. 4.3(c), there is an obvious progression in the |Z| vs. f characteristic. The sample
fired at 1200 °C (fig 4.3(a)) shows a high impedance at low frequency, with the
capacitive part of the characteristic dominating throughout thé sequence of humidity,
although the impedance drops significantly once the humidity has reached 98 %. The
sample fired at 1300 °C (fig. 4.3(b)) shows much lower impedance at low humidity with
the conduction processes dominating over the capacitive nature for the majority of the
frequency range. Firing the sample at 1400 °C (fig 4.3 (c)) gives a similar result to that
obtained at 1300 °C, but with slightly lowered impedance, although the flat parts of the
characteristic in the mid-range of frequency show more frequency dispersion than found
in fig. 4.3(b). These lowered impedances with firing temperature are perhaps best
explained in terms of the surface area of the samples (table 3.5). Firing at higher
temperatures produces a reduction in surface area, which although giving less area and
opportunity for water adsorption, will result in lower path lengths from one side of the
pellet to the other, with a resultant drop in impedance across the range of humidity. An
alternative explanation could be that firing at higher temperatures creates a more highly
jonic surface layer on the ceramic, which causes an increase in the amount of water

adsorption.
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4.3.2 Complex plane analysis of the impedance
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Figure 4.4 Complex plane plots of the impedance for Ni;GeO, fired at 1300 °C at

humidities between (2)22 %Ry and (€)98 %Ry taken at 25 °C




Plotting the locus of the real and imaginary parts of the impedance with
frequency on the complex plane provides a powerful analysis tool. Plots are shown in
figure 4.4 for the sample fired at 1300 °C, across the range of humidity. The complex
impedance plots shown above (fig. 4.4) are perhaps best described first in terms of the
plot taken at 80 % Ry (fig. 4.4(d)). Figure 4.4(d) has been redrawn in figure 4.5 to more

fully illustrate its features.
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Figure 4.5:  Complex plane plot of the impedance for Ni,GeO, fired at 1300 °C,

taken at 80 %Ry . 25 °C

At the low frequency end of the graph, there appears to be the beginnings of a
semicircle, which is inclined at an angle to the real axis of a. Towards the high-
frequency end of the graph, there is another semicircle with its centre depressed below

the axis by an angle of b.

The two separate semicircles provide information on different processes
occurring in the sample. If reference is made to figure 4.4, it can be seen that the size of
the high-frequency semicircle is highly dependent on humidity, whilst the low-
frequency semicircle remains a similar size throughout. This suggests that the high-
frequency semicircle represents the humidity-sensitive conduction process, whilst the

low-frequency semicircle describes the charge transfer process at the electrodes.
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[f the semicircles sat perfectly on the real axis, i.e. not inclined at an angle to it,
they would be well modelled by a parallel combination of a resistance and a
capacitance. Thus the behaviour of the sample would be well described by an
equivalent circuit model where the humidity sensitive conduction is modelled by a
parallel combination of a resistance, R, and a capacitance, C,, in series with another
parallel combination of a resistance, R,, and a capacitance, C,, representing the

electrode processes, as per figure 4.6.

R, R

{1 —_
|
!

38

< C,
gram - electrode
surface surface

Figure 4.6: Idealised equivalent circuit model of sensor response

The resistance R; would, in such a model, represent charge transport through the
thin layer of water formed on the surface of the grains, with the accompanying
capacitance, C,, representing the capacitance between grains covered with this layer.
The capacitance C, describes the capacitance of the charge transfer interface between
the water layer and the gold electrodes, known as the double-layer capacitance, with the
resistance occurring due to inhomogeneities at this interface.

However, since we are dealing with a real system, the idealised components do
not provide an adequate description of the frequency response of the sample. The
porous nature of the samples, the curved grain surfaces, and the diffusion of charge

carriers in the electric field across the sample mean that the capacitances would be

better replaced by “non-Debye” capacitances 5,6, which have a degree of non-ideality

as per equation 4.11,
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C ~ C(jo)"™! | @.11)

non—debye
where C would be the ideal capacitance, j = V(-1), and the index n gives the degree of

non-ideality. A value of n =1 would represent an ideal capacitor, and a value of n =0

would represent an ideal resistor. These non-Debye capacitances are also commonly

termed constant phase elements, or CPE’s1:4, since they have a constant phase angle
when their response is plotted in the complex plane.

The results obtained have been simulated using a similar circuit to the one
shown in figure 4.5, with the capacitors replaced by CPE’s, and with the addition of
another capacitor, Cs, in parallel with the entire circuit, to account for stray capacitances

in the measurement. This circuit is shown in figure 4.7 below.

Cs

I
I
R, R,

I B
W A
7/ i/

CPE, CPE,
grain electrode
surface surface
Figure 4.7. Equivalent circuit model of conduction in pellet Ni;GeOg4

The behaviour of this circuit is very similar to that proposed by Yeh et al 3,

The impedance of the sensor can be derived as follows:

First the grain surface branch of the model is taken, neglecting the capacitor in parallel
with it. The impedance of the resistance R;, describing the grain surface is:

Z, =R, (4.12)
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The impedance of the constant phase element CPE; is :

1 1

Zepe, =~ = (4.13)
T jeC (o) € ()"
Thus the impedance of this branch of the model, Zgs is
_ ZR,ZCPEl
GS —
ZR, + ZCPE,
.o Y
_ R(c.Go)) (4.14)
: n Y )
R, +(C,(jo)" )
_ R,
1+R,C, (jo)™
Now, the complex number j raised to an exponent n can be represented as:
nn nn
j" =cos| — | +jsin| — 4.15
! ( 2 ) ! ( 2 ) (4.15)
thus,
R
Fos = n,n ] nm
1+ R,C,[cos(~é-) + js'm[ f) D(Q'..
R
- ! (4.16)

(1 +R,C, cos(%}o"' +iR C, sin(nzl)m“' ]

Separating the real and imaginary parts and simplifying gives:

R, (1 +R,C, cos(mjco“'j - R,—(jR,C, sin(m)co"‘)
' 2 2

Zos = (4.17)

2

(1r.c cof 2 on |+ m,Cysi ")
RS +C, cos M)m"' -JC, sin(m)m“'
R, 2 2

1 +C, cos(m)m"‘ +{ C, sin(mjm“’
R, 2 2

Similarly for the electrode surface, the impedance Zgs, where

(4.18)
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Z, =R, ' (4.19)

and,

Loy =——— 420
= e (4.20)

) ' —jC, sm(n KJQ"Z

Lgs = | 2 2
[——+C cos(n )o"lj +[C,Sin(llﬂjw"lj
R, 2 2 2

Thus the impedance of the grain surface and electrode surfaces together is

L+C»] cos[n'nj '—jC, sm( JO)
R, 2 2
= ZGS +szs = | 3 3
—--+C,cos(mjco"' + C,sin(mjco“'
R, 2 2

1 . . ) n
—+C, cos(nznjo)“2 -iC, sm(i‘zja) :
R, |2 2

-1 +C, cos 4,7 o™ | +C,sin M7 o
R, 2 2

Including the parallel capacitance (Cs)t, the total impedance Zror becomes:

is given by:

- +C, co(

I =
o
l\.) i

4.21)

ZGSES

(4.22)

+

————ZGSES (4.23)
1+ j0CyZ s

TOT —
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4.3.3 Trend analysis of equivalent circuit impedances

By analysis of the equations for impedance derived above, the trends of the
impedance with frequency can be illustrated, allowing a more qualitative understanding
of the impedance-frequency characteristic.

Now, taking the modulus of Zgs from equation 4.18 and squaring gives:

1 +C, cos(mjw"' +| C, s'm(mjm"'
) R, 2 2

IZGSI- = R 12
L+Cl cos(m)a)"' + C, sin(ﬁ)m"‘
R, 2 2
= 12 5 (4.23)
L+Clcos(n’—n)o)“' +| C, sin D gm
R, 2 2
which can be simplified to:
Zos|" =5 nl ' (4.24)
42 cos T om +Clo™

R’ R,

Thus, as © — 0, |Zgs| will tend to the value of R;, and as & — oo, |Zgs| will decrease as

o" . There will be an intermediate region where |Zgs| varies as Vo™ . This is more

clearly illustrated by figure 4.8 below:

log |Z] B o

logw

Figure 4.8: [llustration of behaviour of equations similar to egn. 4.24
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Thus the three parts of the denominator will form three .asymptotes of the |Z] vs.
o characteristic, as denoted on fig. 4.8 by lines A, B and C. Line A will have no
dependence on frequency, as opposed to lines B and C, which will have a gradient
determined by the value of n;, allowing measurement of this important index.

Examination of equation (4.23) reveals that if the value of (0CZgsgs) is small
(<1), then the total impedance will tend towards the value of Zgsgs, the impedance of
the grain surfaces and electrode surface combined, as given in equation (4.22).
Generally at higher frequencies, the term (QCSZGSES)>>1 and Zror will tend towards
(1/0Cs) and hence display an inverse frequency dependence, as seen clearly in the

graphs of |Z| versus f (fig. 4.3).

4.3.4 Equivalent circuit parameters

The measured data values were fitted to the model (fig. 4.7) using a Complex

Non-Linear Squares fitting procedure, written by J. Ross Macdonald 4, and incorporated
in the ZView software by Schribner Associates (1998).

Initial values have to be provided for the fitting, which need to be correct to
within an order of magnitude or so. Firstly a value was calculated for the value of Cs,
the combination of geometrical capacitance and stray capacitances in the measurement
system. The value entered was just the geometrical capacitance of a parallel plate

capacitor with the dimension of the sample, according to the simple parallel plate

capacitor equation (4.20).

(4.24)

where £, €, A and d are the permittivity of free space, the relative permittivity, the area

of the sample and the thickness respectively. For a sample of 12.6 mm diameter, and
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1.0 mm thjckhess, and setting g, = 1, a value of 1.1 x 10™"? F is obtained. The values for
the other components were calculated by fitting a parallel combination of a resistance
and a constant phase element firstly to the high frequency arc to provide values for R,
C, and ny, then to the low frequency arc for the values of R,, C,, and n,.

The fitting routine then performed a series of optimisation iterations to compare
these initial values with the data, and to provide more self-consistent values together
with their errors, Wherever possible. These values are given in table 4.1 below for the
pellet sample of Ni;GeQy fired at 1300 °C, for a variety of humidities at 25 °C.

As can be seen from the values returned by the fitting procedure, the given
model works very well for humidities over 40%. The fit to humidities below 40%
would be improved however, if data was available from even lower frequency
measurements, as the discrepancies in fit are at the low end of the frequency scale. The
given errors indicate that the fit for values of Ry > 40% is generally acceptable and
comparable with the experimental errors in, for example, the humidity measurement.
The increased error at low humidities is due to the shifting of the frequency response
spectrum towards lower frequencies at low humidities (see figure 4.3). To decrease this

error would involve taking measurements at much lower frequencies.
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Ru(%) | Ry | CGE | m | Ro(@ | C(PF) n C(®)
0£5 | 1.7x10" | 7.5x10"* | 0.92
+7x10° | £2x10™ | £0.01
20+5 | 9.8x107 | 2.5x107% ] 052 | 4.1x10° | 1.8x10°+ | 0.61 | 4.6x10™"
+1x107 | £6x10" | £0.01 | +1x10° | 1x10" | 0.07 | +3x10™"
40+5 | 1.2x107 | 3.4x10M | 055 | 2.1x10% | 4.1x10° | 0.59 | 4.5x10™"
+1x10* | £1x10" | £0.01 | £3%x10° | +£3x107 | £0.04 | +5%x10™
605 | 1.9x10° | 7.0x10"0 | 0.55 | 1.6x10° | 8.6x10° | 0.60 | 4.4x10"
+2x10° | £3x10" [ £0.01 | +1x10° | +7x10° | £0.01 | +4x10™
80+5 | 1.9x10° 3.3x10'9\ 0.51 | 1.7x10% | 2.7x10° | 0.70 | 4.7x10"
+6x10% | £9x1070 | £0.02 | +1x10° | +5x107 [ +0.01 | +2x10"
98 +5 | 1.1x10* | 1.5x10% | 0.50 | 1.4x10° | 4.0x10° | 0.80 | 53x10™"
+1x10% | £3x107 | £0.05 | +4x10* | +2x107 | £0.01 | +6xi0"
Table 4.1: Fitted values for sample fired at 1300 °C

The values of capacitance obtained using this model can now be used to

positively identify the internal regions of the sample to which the model appliesl5. The

capacitance, C,, has values between 10™"°F and 10 F (in the presence of humidity),

indicating that it refers to intergrain capacitance, the value of which is mediated by the

presence of an adsorbed water phase. The value of C, in dry conditions, ~102F , refers

to the bulk capacitance of the entire sample. The capacitance, Cs, has values in the

region of ~10"° F, which is typical of the sample-electrode interface.

Plots of the real and imaginary parts of the complex impedance, Z' and 7",

against frequency are shown in figure 4.9, for a variety of humidities, in order to show
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the closeness of fit of the model. The data are shown as dots, and the fit is shown as a

full line.
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Figure 4.9: Comparison of measured data (dots) and model simulation (lines) of the

real and imaginary parts of the impedance over a range of humidity.

for a sample fired at 1300 °C

Inspection of figure 4.9 shows that the model chosen can be made to fit the data
closely over a large range of humidity. The only visible discrepancy is the slight
difference between the fit and the data at the minimum of the imaginary part of the
complex impedance, for high levels of humidity.

Attempts to fit the measuréd data to the models of Laquet 9, and Sadaoka 10 did not
result in a good fit to the data, over the range of'frequency and humidity employed.

4.3.5 Frequency and humidity dependence of the dielectric constant

The ac electrical properties of the sensor may be expressed in a variety of

different parameters; complex impedance (Z), complex admittance (Y), and cbmplex
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relative dielectric constant (g), the choice of which depends on the type of information
that is to be emphasised. The transformation relationships between these parameters
are:

Z(®) = R(0) + jX(0)

y (4.25)
={Y(w)]

Y(0) = joe,[e'(0) - je”((z))]% (4.26)

where j = \/(-1), and R, X, €', €, €0, A and d are the resistance, reactance, relative
dielectric dispersion, relative dielectric absorption, the permittivity of free space, and

the cross-sectional area and thickness of the sample respectively.
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Figure 4.10: Comparis“on of measured data (dots) and model simulation (lines)

of the real and imaginary parts of the complex dielectric constant, at a variety of

humidities for a sample fired at 1300 °C (Empty cell capacitance = 1.1 pF)

The upper portion of figure 4.10 shows the real part of the complex relative
dielectric constant, extracted from the complex impedance data, shown in figure 4.9, as
per equations 4.25 and 4.26. Firstly, it is clear that the dielectric constant changes by

several orders of magnitude over the range of frequencies employed, and that the
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magnitude of this change is strongly dependent on humidity. Secondly, the frequency
response may be split up into four distinct regions, each of which has a different
dependence on frequency. The curve produced at 98% has at low frequency a region

where g’ oc @32

, moving into a region where €’ o o in the mid frequency range, and
finally a region where &' oc 3" at the highest frequencies. These regions are echoed
for the lower humidities, but the whole spectrum shifts towards lower frequencies, and
introduces another region at high frequency, where there is no measurable dispersion.

The value of ¢’ is most strongly dependent on humidity at low frequencies, and
the strength of dependence on humidity decreases with increasing frequency, and for all
levels of humidity, it tends towards a value of €' ~ 6 at high frequency. The dispersion
is virtually non-existent for low humidity.

This may be interpreted in terms of a dispersion mechanism that depends on the

existence of surface water molecules. At low levels of humidity, the surface is expected

to be coated with strongly bonded hydroxyl groups, which are not free to re-orient in an

electric field, and so cannot contribute to the dipole moment of the sample16. However,
as the humidity is increased, water molecules are physically adsorbed onto the surface,
attached by hydrogen bonding to two surface hydroxyls. Subsequent layers of water

molecules are bonded into an ice-like arrangement with one hydrogen bond each to the

previous layer17. As the layers become more distant from the surface, their behaviour
becomes more and more water-like. Water bonded to the surface by two hydrogen
bonds will take longer to reorient in an applied field than those layers only attached by
one bond 6, causing polarisation on the grain surfaces. Thus the more remote the layers,
the larger the dispersion in the dielectric constant, explaining why the dispersion
becomes more pronounced at low frequencies and high humidities.

Polarisation will also occur at the electrode surface, due to the requirement for
the electrode reaction to provide a source and sink of carriers. These interactions have a
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characteristic time constant, and when they cannot keep up with the number of charge
carriers arriving at or departing from the electrode during any half-cycle, this results in
electrode polarisation and an increase in the measured dielectric constant 2,

The lower part of figure 4.10 shows the spectral dependence of €" and shows
that &' oc @' for the vast majority of the frequency range for Ry > 20%. This type of
dependence on frequency is indicative of a non-dispersive d.c. conductivity
mechanism 18, as shown below.

Equating the admittance (eqn. 4.25) to a conductance G(w) and a susceptance
B(w) gives:

Y(0) = G(o) + jB(o)

= jog,[e'(0) - js”(w)]% (4.27)
weon_ Glw) d
e'(w)= oo, A (4.28)

Equation 4.28 reveals that if &'’ o' then G() can have no dependence on frequency,
and must represent a non-dispersive conductance. This is consistent with the chosen

model.
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4.3.6 Dependence of fitted equivalent circuit parameters on humidity

The values of R, from table 4.1 are plotted against Ry in figure 4.11. ~
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Figure 4.11: Parameter R, plotted versus humidity

Figurev4. 11 shows that R; has an exponential type dependence on humidity, with
equation 4.29 giving a good fit to the values for humidities of 20% and above, where R,
has units of Ohms.

R; = 1.1x10%exp(-0.11Ry) (4.29)

In the model employed, the value of R, is thought to represent the resistance of
the thin layer of water formed on the surface of the ceramic grains. Thus as humidity
increases (i.e. more water vapour is present in the local atmosphere), the layer becomes
more conductive. However, as will be shown in the next chapter, the l_ayer thickness
increases approximately linearly with the relative pressure of water vapour in the air.

Thus to satisfy the relationship for resistance given in equation 4.30,
R=P!
A
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where R, p, / and A are the resistance of the water layer, the effective resistivity,
effective length and effective area respectively, the conductivity of the water layer must
also increase with increased humidity, since the effective length and the width of the
pellet are constants. This could be explained an increased local dielectric constant at

high humidities promoting an increase in the rate of dissociation of the water, and thus

increasing the number of free ionic carriers available for conduction 19 The increased
local dielectric constant is due to high surface electrostatic fields caused by the
chemisorbed and physisorbed layers, and the interface between the ceramic and the
adsorbed water, promoting a high degree of ordering within the water layer.
Dissociation of water molecules is enhanced in an electrostatic field as the electrons in

the O-H bond are drawn towards the oxygen ion, lowering the dissociation energy of the

molecule.
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Figure 4.12: Parameter R, plotted versus humidity

(fitted line as a guide to the eye only)

The variation of the value of R, is shown in figure 4.12. This resistance does not
have a strong dependence on humidity, except possibly at low humidity. Thus it is most

likely that this resistance, which may also be termed the charge transfer resistance, since
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it describes the resistance of transfer of charge to the electrodes, is relatively
independent of humidity once enough water has been absorbed to create a sufficiently

thick charge transfer layer on the electrodes.
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Figure 4.13: Parameter C, plotted versus humidity

(fitted line as a guide to the eye only)

Parameter C; is a CPE representing the intergrain capacitance, the value of
which is mediated by the presence of an adsorbed water phase. The value of ny

associated with it is (0.5 + 0.05) throughout the range of humidity, a value which

suggests that diffusion processes are taking place4a13, for instance the diffusion of
protons through the water layer.

The value of parameter C, is plotted against humidity in figure 4.14, showing
that it has an exponential dependence on humidity, as per equation 4.30 below.

C, =(73x107)exp(0.0411R ;) (4.30)

This parameter describes the double-layer capacitance associated with the
charge transfer layer formed on the electrodes. A capacitance arises here due to
polarisation effects at the electrodes, which becomes dominant at low frequencies. The
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value of the capacitance increases with humidity, which would be consistent with a
model where as more charge carriers become available for conduction, the polarisation

effects at the electrode interface are increased.
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Figure 4.14: Parameter C, plotted versus humidity
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4.4 Conclusion

The complex ac electrical impedance was measured as a function of frequency
and humidity, and the real and imaginary parts of this impedance were found to vary
strongly as a function of both these parameters.

Analysis of the complex impedance plots produced has showed that there are
two major processes occurring which affect the impedance of the material in humid
conditions; conduction through a thin layer of water formed on the surface of the
ceramic grains, and charge transfer to the electrodes through the interfacial region
formed between the gold electrodes and the water layer.

The information gained from the complex impedance plots was then used to
formulate an equivalent circuit model for the sensor, consisting of two parallel branches
of resistance and capacitance connected in series. This model was then further modified
by using constant phase elements in place of the capacitances, to allow for
inhomogeneities in the charge transport and polarisation processes, with a further
capacitor in parallel with the whole circuit to model the artifactual and geometrical
capacitance. This modified model was found to fit the data extremely well, returning
vglues for the components which support the model physically.

Values returned from the fitting procedure indicate that the conductance of the
water layer on the surface of the grains increased with increasing humidity, and that
diffusional transport was also taking place. The polarisation of the double-layer charge
transfer region was also found to increase with increasing humidity, supporting the ider

that more charge carriers are present in the water layer.
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5.1 Introduction

The aim of this chapter is to discuss the processes occurring on the surface of
Ni,GeO4 when in contact with a humid atmosphere.

In the previous chapter, impedance measurements of Ni;GeOy; in varying
degrees of humidity were interpreted in terms of an equivalent circuit model (fig. 4.6).
The model consisted of a series combination of resistors in parallel with CPE’s, where
the first branch, resistor R; in parallel with constant phase element CPE,, appeared to be
reiated strongly to the level of humidity, thus it was postulated that this resistance
represented current transport through the water layer formed on the surface of the
ceramic grains. This chapter (chap. 5) will attempt to provide a discussion of the
relation between the resistance R; and the ambient level of humidity.

The water vapour adsorption isotherm for NiGeO, has been measured, allowing
calculation of the thickness of the water layer on the surface. This enabled the
conductivity of the water layer to be estimated using the data obtained in chapter four
for the resistance of this water layer.

A model was then postulated, based on models described in the literature, and
the results analysed with respect to this model. An encouraging set of results were

obtained.
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5.2 Experimental techniques

The water vapour adsorption isotherms of Ni»GeO,4 were mee;sured using a
DVS-1 Dynamic Vapour Sorption analyser, by Surface Measurement Systems, London.
The DVS system is comprised of a microbalance (Cahn Instruments D200), together
with a computer controlled water vapour generator. The sample is suspended from the
balance and exposed sequentially to a range of humidities in a flowing gas stream at a
constant temperature. The corresponding ch—ange in mass is recorded together with the
humidity and temperature. Up to and including the 95 %Ry level, the instrument
determined that an effective steady state had been reached when the rate of change of
the mass of the pellet was less than 0.002%min™'. The pellets were left at any particular
humidity until this criterion had been reached, and then for a further five minutes.

Any impedance spectroscopy results quoted were obtained using the techniques

described in chapter 4.
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5.3 Water Vapour Adsorption Isotherm

A pellet of NiyGeOq4 with a dry mass of 60 mg was suspended in a flowing
stream of air with controllable humidity, and the percentage change in mass with time

recorded, as per figure 5.1, and used to obtain the adsorption isotherm.
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Figure 5.1: Change in mass with time of Ni,GeO, together with the corresponding

relative humidity

From figure 5.1; it is clear that this material has a rapid response to changes in
relative humidity, typically achieving equilibrium at a given humidity in under 10

minutes.

The water desorption data show almost zero hysteresis, although the residual
water content at the end of the first cyble is slightly less than zero, for which there is no
adequate explanation, except for the ﬁossibility of the material losing some previously
strongly bound water to the atmosphere. The second cycle shows a very similar

response to the first cycle, except that the overall water uptake is a little lower, and that

the start and finish water contents are much closer in this case.
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The adsorption-desorption isotherms at 25 °C for water vapour on Ni;GeOs have
been extracted from the equilibrium data shown in figure 5.1, and are shown in figures -

5.2(a-b). Figure 5.2(a) shows the adsorption-desorption isotherm during the first cycle,

whilst figure 5.2(b) shows the same measurement repeated immediately afterwards.
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Figure 5.2(a): First adsorption-desorption of water vapour on Ni,GeOy
(prepared at 1300 °C)
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Figure 5.2(b): Second adsorption-desorption of water vapour on Ni;GeO4
(prepared at 1300 °C)
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These adsorption isotherms indicate that there is an approximately linear
relationship between the amount of water adsorbed and the value of the relative
humidity, until the relative humidity is increased beyond approximately 80 %,
whereupon the amount of water adsorption increases dramatically, most probably due to

capillary condensation.

It is well known that the adsorption of water on crystalline materials is described
adequately by the theory developed by Brunauer, Emmett and Teller 1-5, commonly
known as the B.E.T. theory. The B.E.T. equation, as given in equation 5.1, describes
the formation of multiple layers of an adsorbate onto an adsorbant, and thus allows
calculation of the volume of a monolayer. In the case of adsorption of water vapour, the

B.E.T. equation can be written as:

X L=ty (5.1)

m(1 - x) N m,c m,C
where x is the relative pressure of water vapour (py/py), m is the ratio of the weight of
adsorbed water to the weight of the dry specimen, my is the ratio of the weight of a
complete monolayer of water to the weight of the dry specimen, and ¢ is a constant
-related to the heat of adsorption. Thus by plotting the L.H.S. of the equation versus x,

the parameter my may be calculated, and the monolayer volume calculated.
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Figure 5.3: B.E.T. equation plot for the second water

vapour adsorption isotherm of Ni,GeO4

The B.E.T. equation plot shown in figure 5.3 is derived from the adsorption
1sotherm shown in figure 5.2(b). The adsorption isotherm shown in figure 5.2(a) was
less linear, making it less suitable for this analysis, possibly because this was the first
time the pellet had been exposed to high levels of humidity.

Figure 5.3 clearly shows that the B.E.T. function did apply for adsorption of
water onto this material for Ry < 40%, with a best fit line of:

y = 6404x + 750 (5.2)

Comparison with equation (5.1), provided estimates for ¢ and my of:

c=954
me =14 x 107
If it is then assumed that adsorption takes place uniformly over the surface, and
_that the number of layers of water adsorbed is proportional to the monolayer capacity,
the number of water layers adsorbed as a function of humidity can be calculated and is

given in figure 5.4 below.
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Figure 5.4:  Number of water layers adsorbed on the surface of Ni1,GeO4

as a function of relative humidity at 25 °C

Figure 5.4 clearly shows that at humidities up to 80 %Ry, there is approximately
one monolayer formed every 20 %Ry. However, at humidities above 80 %Ry, there is a
large increase in the number of monolayers formed, where it is most likely that the
adsorption is dominated by capillary condensation occurring in the inter-granular_
spaces, thus describing the amount of adsorbed water in terms of numbers of

monolayers is probably not appropriate in this region.
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5.4 Calculation of Resistivity of Water Layer

Now that the monolayer capacity is known, more information can be derived
about the thickness of the water layer, and consequently its effective resistivity. Since
the surface measurements and electrical measurements that were performed necessarily
used different pellets, in the following it will be assumed that all pellets fired at 1300 °C
have the same surface area and affinity for water adsorption. This should be a
reasonable assumption, since these pellets were all subjected to the same crushing,
mixing and firing regimes.

The specific surface area of the pellet has been ascertained previously by
nitrogen adsorption techniques (chapter 3, table 3.5) as 0.94 m’g”'. Now, the monolayer
capacity has been measured to be 1.4 x 107 times the mass of the dry specimen, or
1.4 x 104_cm3(HzO) g (Ni;GeOy) (s.t.p.), which for a specimen with a specific surface
area of 0.94 m’g™ translates to 1.5 x 10* cm®m™. This volume of water spread evenly
over the surface will form a film with an average thickness of 1.5 A, a similar value to
the value obtained for the radius of a water molecule (calculated assuming that water
molecules are spherical and exist in a close packing arrangement in liquid water at
s.t.p.).

The volume of water in a monolayer of unit area will therefore contain N,

molecules,

N = (5.3)

ml

where my, is the mass of a monolayer and myy, is the mass of one water molecule.
Thus, N = 5.0 x 101? molecules/mz(NigGeO4), which implies that each molecule

occupies a surface area of 20 A%, i.e. 5 molecules nm™.

The surface of Ni,GeQy, if it displays the same surface characteristics as other

spinels, will be a mixture of {100}, {110} and {111} planes, due to energy
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considerations®7. “Assuming that the surface is made up of an equal mixture of the
different configurations of these planes, thé surface cation density can be calculated to
be 5.7 sites nm™ for the spinel structure with no modification from the perfect crystal
arrangement. This is consistent with the hypothesis that water molecules in the first
physisorbed monolayer are hydrogen bonded to two hydroxyl groups, which in turn are
strongly bonded to the surface sites, one to a surface cation, and the other to a nearest
neighbour oxygen anion.

If we assume that the adsorbed molecules in a complete monolayer occupy the

same area that they would in a hexagonal close-packed solid, with the same molar

volume as the bulk liquid at the adsorption temperatureg, the area can be calculated

from equation 5.4:
v )7 -2
a_ = 1.091(?) 10| A / molecule (5.4)

where v, is the molar volume (in cm® per mole), A is Avo gadro’s constant, and the
factor 1.091 is that appropriate to hexagonal packing. This gives a value of 10.53
A*/molecule for the case of a complete water film. Thus again the result suggests that
water molecules are forming some sort of “half-film” on the surface, leaving certain

surface sites vacant.

Path length of current transport through the pellet

The relationship between the resistance and the resistivity is given by the
standard equation:
/

R=- " (5.6)

where p is the resistivity in ohm-cm, / is the length of the resistive medium in cm, and A
is the area. Thus to deduce an effective resistivity for the adsorbed water, expressions

must be found for the effective [ and A.
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molecule, forming a hydronium ion, H;O", with the charge transfer occurring as the
extra proton is passed between adjacent water molecules:
H,O + H;0" —» H;0™ + H,O
Now, the conductivity of the water may be represented as:

G:ne(pH+ +H0H—) (5.14)
where n is the concentration of the ionic species, such that the number of H™ and OH"
ions are the same, ¢ is the electronic charge, and u is the mobility. The conductivity
therefore depends on the amount of dissociation, which controls .n, and the mobility of
the charge carriers. No experiments have been performed to determine the mobility for
this case: it will be assumed from this point onwards that the values given in the
literature for water at 25 °C are acceptable for the present framework. It is possible that
conduction in this surface layer might béhave more like conduction in ice, in which case
there would only be protonic charge carriers with a much higher mobility, but this

remains to be established. The literature quotes values for the mobilities of protons and

hydroxyl ions ofl 1.
M= 3.6 x 10%cm?s' V! l.lOH-: 2.0 x 10 cm’s'v!
for pure water at 25 °C.
Using these values and the data of figure 5.9, the charge carrier density has been

calculated as a function of the humidity and the results are shown in figure 5.11.
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Figure 5.11: Dependance of carrier concentration on humidit

Figure 5.11 shows that if the model is essentially correct, then the experimental
results suggest that the carrier concentration in the water layer is exponentially
dependent on the ambient humidity. This suggests that at higher humidities, the
dissociation of water must be enhanced to a very large degree, and importantly, tﬁat itis
dependent on the amount of surface water.

The equilibrium constant of the dissociation of water can be calculated

according to equation 5.15.

Kuo = [}I{—H][:z)}]l—_] (5.15)

where the quantities in square brackets denote concentrations. Assuming that the
carriers are protons and hydroxyl groups, and that these carriers are created by the
dissociation of water, the carrier concentration as calculated in figure 5.11 above has
been used to calculate the amount of dissociated water, and this quantity is plotted

against humidity in figure 5.12 below.
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Dependence of equilibrium constant of dissociation on dielectric constant

From standard thermodynamic relations, the amount of dissociation can be

written in terms of the free energy of dissociation of the carriers:

K=K, exp(— %) (5.16)

Thus, the proportion of dissociated water may be given by:
AG U’

K=K (——)zK e (———j 5.17

LEXP{ T 0 XP| ~ - (5.17)

where K; and K, are constants, AG is the Gibbs’ potential which is assumed to consist
of an energy term U’ associated with the work to separate two ion pairs in a dielectric
medium!4. According to the Nernst-Thompson rule!4, a solvent of high dielectric

constant favours dissociation by reducing electrostatic attraction between ion patrs.

J. E. Barker et al. proposed that the dissociation energy of water in a dielectric medium

is modified as per equation 5.18 below!4:

Us

14

U~ (5.18)

g
where €' is the real part of the relative dielectric constant.
The dependence of the ;eal part of the dielectric constant with humidity, for
pellets of Ni,GeOy fired at 1300 °C, as extracted from the data shown in figure 4.2., is

shown in figure 5.13 below.
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The values of the dissociation energy extracted from the curves fitted to figure 5.13 are

tabulated in table 5.1 below.

Frequency of Uo'
measurement (eV molecule™)
(Hz)
10 0.81
100 0.62
1000 0.55
10000 0.62
Table 5.1: Calculated values of dissociation energy

The values of dissociation energy that are shown in table 5.1 are consistent with

each other, and compare to within an order of magnitude of the value of

5.13 eV molecule™ given in the literature12.

The above hypothesis was not found to fit well for values of the dielectric
constant that had been extracted from data taken at frequencies less than 10 Hz, and
above 10 kHz, probably due to the measured dielectric constant being dominated by
other features of the total conduction mechanism. If reference is made to figure 4.1(b)
and the accompanying description, this frequency region has been identified as that part
of the |Z] vs. f characteristic where the humidity sensitive impedance is dependent
mainly on conduction through the water film. Between these limiting frequencies, it is
thought that the observed di_electric constant is due mainly to the water layer, below this
range, the electrical double 1ayer influences the dielectric response, and above this
range, the measurements become dominated by artifactual capacitances in the system.

The above app—roach for determining the carrier concentration, and subsequently
the dissociation constant, relies entirely on the assumption that the mobility of carriers

in the water layer is not dependent in any way on the environmental factors affecting the
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sample. This type of approach is also mainly designed for application to systems where
the carriers are non-localised, such as the case in a metal or semiconductor. Since the
scattering mechanisms in the adsorbed water film are unknown, it seemed reasonable to
assume the well established values for mobility in liquid water. It is quite possible that

in the present case, it might be more appropriate to expect a hopping-type conduction, in
which case, the mobility might be dependent on the dielectric constant. The observed
dependence of the proportion of dissociation on dielectric constant could therefore be an
artefact of the initial assumption. The author ventures the opinion that an approach such
as this, whilst going against the tide of opinion in the literature, might provide a basis

for a more physically complefe model of the processes taking place on the surfaces of

materials in the presence of hlimidity.
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5.6 Conclusion

The adsorption of water vapour onto the surface of Ni;GeO4 has been measured
at 25 °C over the humidity range, 0 < Ry < 100. The data were analysed using the
B.E.T. equation, giving a value for the monolayer capacity of Ni;GeOy of 1.4 x 10
cm’g” (s.t.p.). The monolayer capacity was then used to provide a description of the
thickness of the water layer present on the surface of the ceramic grains.

Using the equivalent circuit model for the humidity sensitive conduction of
pellets of Ni,GeOy postulated in chapter 4, the resistivity of the water film was
calculated from values of R, the resistance of the water film in the equivalent circuit
model, and from estimates of the thickness of the water film obtained from the water
vapour adsorption measurements.

Assuming that conduction occurs via protons and hydroxyl ions, created by the
dissociation of water, the carrier density in the water layer was calculated, and found to
be exponentially dependent on humidity. The carrier density was then used to calculate
the proportion of dissociated water in the adsorbed films. If the original assumption, i.e.
that the carriers are proton and hydroxyl ions from the dissociation of water, is correct,
then this implies that the amount of dissociation of water in the layers was exponentially
dependent upon the humidity.

Given that the Nernst-Thompson rule states that a solvent of high dielectric
constant favours dissociation by reducing electrostatic attraction between ion pairs!4,
the dissociation of the water layer was plotted against the measured dielectric constant
of the pellet, for a range of humidities and frequéncies, in order to find an.y relationship
between the two quantities. The proportion of dissociation of the water was found to be
proportional to the exponential of the reciprocal of the square root of the real part of the
dielectric constant (eqn. 5.21), suggesting that the dissociation energy of water
molecules in the water film is reduced by a factor of 1/’
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6 Conclusions
6.1 Summary of present work

6.2 Suggestions for further work
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6.1 Summary of present work

This work has been priinarily concerned with the formation, sintering and
humidity dependent electrical behaviour of the spinel ceramic material nickel
germanate.

Nickel germanate is readily prepared by heating a well-mixed stochiometric
mixture of nickel (I1) oxide and germanium (IV) oxide in air. Differential thermal A
analysis and thermogravimetry show that an endothermic reaction occurs between the
two powders at temperatures above 900 °C. Monophase material can be produced by
heating the two powders at temperatures between 1150 °C and 1300 °C for 12 hours in
| air, as confirmed by powder X-ray diffraction and infra-red spectroscopy. However, at
temperatures of 1350 °C and above, decomposition of nickel germanate into nickel
oxide and germanium oxide occurs, accompanied by evaporation of the germanium
oxide. In all cases the nickel germanate formed a stable spinel crystal structure.

Sintered porous pellets of monophase nickel germanate can be produced by
heating powder compacts of monophase nickel germanate at temperatures between
1000 °C and 1400 °C. The pellets undergo a small amount of shrinkage, which
increases with increasing smtefmg temperature. Nickel germanate does not sinter fully
in air at ambient pressure, with the minimum porosity managed in the present study
being 47%. SEM also revealed that the mean grain size only changes by a small
amount with sintering temperature. The sintering mechanism active in this case is
believed to be a mixture of solid-state diffusion and evaporation-condensation.

It has been found that substitutional doping of nickel germanate, with up to 10 %
of the nickel atoms replaced by lithium atoms, promotes a high degree of shrinkage,

with no detectable change in the crystal structure. In this case, the sintering mechanism

appears to be a liquid phase.
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Pellets of monophase nickel germanate formed in this study of the sintering
behaviour are ideal samples for an investigation of the humidity dependent electrical
characteristics, due to their microstructure being well known. The complex impedance
of some of these pellets has Been measured as a function of humidity and frequency, and
is found to be a strong function of both.

Impedance spectroscopy measurements were found to reveal important
information about the processes occurring in the ceramic pellets in the presence of
humidity. Analysis of these results by use of an equivalent circuit, supported the idea
that a sample of this material in the presence of humidity acts in a similar way to an
electrochemical cell, with charge flowing from the electrodes, through a charge transfer
region, into an electrolyte, at both contacts to the sample. The branch of the equivalent
circuit modelling the electrolyte was found to have a resistance which varied strongly
with humidity, also supporting the idea that conduction is occurring in a thin layer of
water on the surface of the sample, the thickness of which varies with humidity. Both
of these results are in agreement with the model currently popular in the literature
describing how humidity sensors work, however this model has never been rigorously
applied to a spinel material before.

The water adsofption isotherm of nickel germanate was measured, and the
number of layers of water»adsorbed onto the surface was calculated as a function of
humidity. It was found that the thickness of water on the surface of the ceramic grains
: varied in an approxima;ely linear way with humidity, up to around 80 % Ry, after which
~ capillary condensation caused a large increase in the volume of adsorbed water. The
thickness of the water layer was only around one monolayer at humidities of 20 % Ry.

This information was then combined with the value of the resistahce of the water
layer gained from the impedance spectroscopy measurements to calculate the resistivity

of the water layer. Conduction in this water layer is believed to occur via transfer of
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protons, which have a constant mobility. An estimate for the carrier concentration was
calculated on this basis, and was found to vary in.an exponential manner with humidity,
corresponding to it varying in an exponential manner with the thickness of the water
layer. If the mobility of the carriers in the water layer is independent of the thickness of
the layer, as 1s assumed in the literature, then any increase in the number of carriers
must be due to an increase in dissociation of the water. Therefore the amount of water
layer dissociation was found to be exponentially dependent on the humidity. The results
suggest that the amount of dissociation changes by around six orders of magnitude over
the range of humidity, 20 % Ry to 98 % Ry.

The values of the dissociation of the water layer that were calculated in this
work are extremely high, compared with the values given in the literature for liquid
water. However, it is common for surfaces to promote the dissociation of molecular
species upon adsorption, implying that we can expect a large amount of dissociation.

Given that the Nernst-Thompson rule states that a solvent of high dielectric
constant favours dissociation by reducing electrostatic attraction between ion pairs, the
equilibrium constant of dissociation of the water layer was plotted against the measured
dielectric constant of the pellet, for a range of humidities and frequencies, in order to
find any relationship between the two quantities. The equilibrium constant of
dissociation of the water was found to be proportional to the exponential of the
reciprocal of the square root of the real part of the dielectric constant (eqn. 5.20),
suggesting that the dissociation energy of water molecules in the water film is reduced

by a factor of 1/Ve’. The reasons for this apparent dependence are not immediately

clear.
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6.2 Suggestions for further work

The work in this thesis has been primarily concerned with the development and
testing of a model of humidity sensitive conduction on Ni;GeO4. The model that has
been tested would, in the authors opinion, most likely apply to a broad range of spinel
ceramics, if not other materials as well, and it would be most useful to test this model on
other materials, and over a larger range of humidities and temperatures, as, during the
course of this work it has become obvious that there is little coherence in the literature
surrounding complex polycrystalline oxide material, and their interaction with humidity.
It is also the author’s opinion that the currently popular model still requires further
work, since it does not definitely describe the most fundamental processes occurring on

the surface of the ceramic in the presence of humidity.
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